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Dear  Eli, 


Here  is  our  annual  report  on  the  corrosion  grant  together  with  some 
preprints  and  some  illustrations  you  could  make  into  overheads  or  slides  if 
you  want  to  talk  about  corrosion.  Bearnie  told  me  that  you  might  be 
proposing  a  microbially  facilitated  corrosion  initiative  around  Brenda 
Little.  Please  let  me  help  you  as  that  would  be  wonderful. 


We  are  very  excited.  It  seems  that  next  to  us  in  our  new  laboratory  on 
the  Pellissippi  technology  corridor  is  the  Computer  Technology  and  Imaging 
Co.  It  turns  out  that  they  make  the  positron  imaging  apparatus  for  Siemans 
that  enables  detection  of  labeled  isotopes  (made  in  their  handy  little 
cyclotron)  with  very  short  half  lives  that  are  used  in  hunans  where  they  have 
a  resolution  of  2  mm.  They  are  talking  to  us  about  microns— we  may  be  able 
to  watch  living  microcolonies  do  their  chemistry  non-destructively!  Behind  us 
in  the  enantiomorphic  building  is  Pellissippi  International,  Inc.,  the  newest 
company  of  G.  Sam  Hurst  who  has  a  laser  tecbnigue  that  increases  IR 
sensistivity  by  5-orders  of  magnitude  and  has  immediate  access  to  the  ORNL 
scanning  tunneling  electron  microscope  and  wants  to  do  a  biological  project. 

I  fell  into  a  gold  mine l  Our  new  lab  is  beautiful  although  it  is  currently 
devoid  of  lab  benches,  sinks  and  hoods.  Supposidly  that  will  come  with  time. 
You  need  to  site  visit  us! 


Good  to  see  you  and  the  gang  at  Belmont  but  I  was  sorry  to  miss  Warren. 
Give  him  my  best.  We  may  be  able  to  do  fantastic  things  with  Mike 
Silverman's  adhesion  mutants. 


Sincerely, 

David  C.  White  M.D. ,  Ph.D. 
UTK/ORNL  Distinguished  Scientist 
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FACILITATED  CORROSION 


Oavid  C.  White,  Institute  for  Applied  Microbiology,  L05L5  Research  Drive, 
Suite  300,  Bldg.  #1,  Knoxville,  TN  37932-2567  (phone  615-675-9520) 


SUMMARY  OF  PROJECT  GOALS: 

1)  To  correlate  corrosion  to  the  specific  activities  of  microbes, 
consortia  of  microbes  and  their  extracellular  products  to  discover  mechanisms 
of  microbially  facilitated  corrosion  (MFC);  2)  In  terms  of  these  mechanisms 
of  MFC  to  define  conditions  that  increase  or  decrease  corrosion;  3)  To 
increase  the  specificity  and  sensitivity  of  methods  to  define  the  community 
structure,  nutritional  status  and  metabolic  activities  of  MFC  consortia  by 
gas  chromatography /mass  spectrometry  (GC/MS)  to  correlate  with  Fourier 
transform  infrared  spectroscopy  (FT/IR) ;  4)  To  measure  effects  of  bulk  media 
composition,  surface  chemistry,  and  topology  on  the  MFC  potential  of  various 
monocultures  and  biofilms;  5)  To  develop  methods  to  measure  corrosion  on  the 
scale  of  microcolonies  (microns);  and  6)  To  quantitatively  test 
countermeasures  on  attachment  and  proliferation  of  corroding  biofilms. 


RECENT  ACCOMPLISHMENTS: 

Published  work  from  this  grant  include  a  review  showing  the 
applicability  of  the  phospholipid  ester-linked  fatty  acid  (PLFA)  analysis  to 
defining  the  microbial  community  structure.  Other  lipid  measures  of 
microbial  community  nutritional  status  based  on  the  rates  of  formation  of  the 
endogenous  storage  lipid  poly  beta-hydroxybutyrate  (PHB)  and  the  metaboilic 
activity  from  rates  of  incorportion  into  lipids  and  DNA  are  detailed  in  the 
analysis  of  toxicity  assessment  (1) .  The  structural  detail  of  the  PLFA 
analysis  was  greatly  increased  with  the  development  of  the  d imethy Id i sulfide 
adducts  for  GC  and  CG/MS  (8) .  With  this  derivitization  we  were  able  to 
demonstrate  signature  PLFA  in  two  types  of  methane  oxidizing  bacteria  (2)  and 
then  to  show  that  type  II  methanotrophs  increase  dramatically  in  sediments 
exposed  to  natural  gas.  This  consortia  that  develops  with  exposure  to 
natural  gas  and  air  rapidly  degrades  halogenated  hydrocarbons  (4) .  This  work 
which  was  a  by-  product  of  the  corrosion  research  is  the  basis  of  in  situ 
rectification  of  contaminated  ground  water.  We  examined  the  mineral  acid 
secreting  bacteria  as  MFC  agents  and  were  able  to  show  an  incredible  array  of 
signature  PLFA  in  the  acid  producing  Thiobacilli  (5) .  We  were  then  able  to 
utilize  these  biomarkers  to  establish  the  role  of  these  acid  producing 
Thiobacilli  in  the  biodegredation  of  concrete  (6) .  This  work  forms  the  basis 
of  a  biotest  system  for  the  development  of  MFC  resistant  concrete  (7) .  This 
system  is  utilized  extensively  in  West  Germany  and  the  PLFA  analysis  has 
greatly  increased  the  sensitivity.  We  continued  our  work  with  the  sulfate- 
reducing  bacteria  (SRB)  and  were  able  to  define  signature  lipid  biomarkers 
for  the  fatty  acid  utilizing  Desulfobacter  type  SRB's  (3).  With  this  marker 
in  hand  We  were  able  to  establish  that  in  most  environments  it  is  the 
Desulfobacter  not  the  Desulfovibrio  that  are  the  important  SRBs.  It  was  then 
possible  to  provide  these  organisms  and  this  insight  to  D.  Pope  who  utilized 
f luoro-antibodies  to  test  the  correlaton  of  corrosion  with  the  biomass  of 
SRB's  in  many  field  samples  and  it  is  becomming  increasingly  apparent  that 
the  correlation  is  very  poor.  The  presence  of  total  microbial  consortia 
apparently  gives  much  better  correlations  with  MFC.  Consequently  we 
demonstrated  that  consortia  were  more  effective  in  MFC  than  monocultures.  To 
initiate  studies  of  MFC  consortia  we  inculuted  stainless  steel  coupons  in  a 
B.  Little  type  galvanic  corrosion  coll  and  showed  that  it  was  possible  to  set 
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up  a  consortium  of  a  facultative  Vibrio  and  the  anaerobe  Desulfobacter  that 
was  much  more  corrosive  than  either  monoculture.  Furthermore  it  was  possible 
to  create  the  consortia  in  aerated  sea  water  even  though  the  Desulfobacter  is 
a  strict  anaerobe  (see  presentations  A).  We  were  able  to  establish  that  a 
consortium  can  create  anaerobic  mictoniches  in  aerated  systems  that 
facilitate  MFC.  With  the  signature  ’oiomarker  techniques  we  have  developed  we 
now  hope  to  explore  consortium  structure  and  activity  in  much  greater  detail. 
Work  supported  by  this  proposal  enabled  us  to  develop  and  test  a  method  by 
vrtiich  the  particulate  composition  of  the  bulk  water  can  be  examined.  We 
showed  a  hexane: isopropanol  extraction  of  PLFA  was  quantitative  and  did  not 
disturb  Nuclepore  membranes  (Guckert,  Ph.D.  thesis) .  This  makes  possible 
studies  of  the  effects  of  treatments  on  the  recruitment  of  specific  microbes 
from  the  particulates  or  the  pelagic  bacterial  suspension  that  can  facilitate 
MFC  (for  example  where  do  the  anaerobes  come  from  in  aerobic  seawater) .  Our 
work  has  shown  the  utility  of  the  FT/IR  in  the  nondestructive  analysis  of 
biofilms  (Presentations  B) .  This  combined  with  the  PLFA  methodology  reviewed 
in  (1)  means  that  the  methods  now  exist  to  examine  the  microbial  consortia  at 
the  micron  scale  of  the  colonies.  What  is  now  necessary  is  the  development 
of  methods  for  quantitatively  demonstrating  the  spacial  concordance  of 
corrosion  and  microbial  consortial  activities  on  the  scale  of  microbes. 

PLANS  FOR  NEXT  YEAR: 

Dowling  is  spending  the  fall  with  Dr.  J.  Guezennec  at  IFREMER  in 
Brest,  France  where  he  will  be  utilizing  one  of  our  B.  Little  type  galvanic 
cell  chemostats  in  their  extensive  marine  test  systems.  He  will  be  teaching 
them  the  signature  biomarker  QC/MS  techniques  and  they  will  train  him  in  the 
use  and  and  intrepretation  of  alternating  current  impedance  cell  monitoring 
for  biofilms  and  corrosion.  D.  Nivens  is  taking  electrochemistry  as  part  of 
his  Ph.D.  program  in  analytical  chemistry  so  we  are  bolstering  our 
understanding  of  how  to  measure  corrosion  in  the  presence  of  irregular 
biofilms.  The  studies  of  B.  Little  make  it  clear  that  the  use  of  the 
standard  polarization  potentiometry  which  assumes  a  uniform  surface  is  not 
accurate  in  problens  fo  MFC.  A  new  Ph.D.  student,  M.  Franklin,  is  learning 
the  lipid  techniques  so  he  can  combine  his  microbiological  skills  with 
fastidious  anaerobes  with  chemical  probes. 

Initially  this  year  we  plan  to  concentrate  on  Iron  reducing  and 
oxidizing  bacteria  which  we  have  isolated  and  characterized  signature  PLFA 
from  corroding  well  casings.  There  seems  to  be  developing  a  whole  system  of 
microbes  based  on  iron  that  is  somewhat  less  active  than  nitrate  but  of  a 
higher  potential  than  sulfate.  We  feel  we  can  use  their  unusual  morphology 
to  study  new  mechanisms  for  MFC.  We  also  plan  to  utilize  the  HPLC  methods  we 
have  developed  for  Archaebacter ial  lipids  to  study  the  role  of  these 
organisms  in  MFC.  We  will  also  be  developing  measures  for  the  microbes  that 
produce  organic  acids  as  metabolic  end  products.  We  plan  to  try  and  directly 
measure  the  loss  of  metal  from  sputter  coated  coupons  using  the  excellent  SCM 
and  EDAX  facilities  at  UTK.  We  are  planning  to  be  able  to  greatly  increase 
the  sensitivity  of  the  GC/MS  analysis  by  using  various  funds  to  purchase  an 
EXTREL  GC/CINIMS  that  will  increase  the  sensitivity  of  the  PLFA  analysis  by  5 
orders  of  magnitude  using  the  methods  we  developed  in  Sweden  in  1985.  We  are 
also  planning  to  use  part  of  the  equipment  budget  from  this  grant  to  purchase 
a  good  microscopic  attachment  for  the  FT/IR  so  we  can  examine  microcolonies 
nondestructively  prior  to  the  SCM-EDAX  analysis.  We  are  actively  negotiating 
to  utilize  the  assay  systems  we  have  developed  with  an  industrial  corporation 
to  test  chemical  countermeasures  on  shifting  the  microbial  community  stucture 
as  it  relates  to  MFC. 


DATA  SYNOPSIS 

(a)  Publications  in  reviewed  literature: 

1.  White,  D.  C.  1986.  Environmental  effects  testing  with  quantitative 

microbial  analysis:  Chemical  signatures  correlated  with  jui  situ 
biofilm  analysis  by  FT/IR.  Toxicity  Assessment  1:  315-338. 

2.  Nichols,  P.  D.,  G.  A.  Smith,  C.  P.  Antworth,  R.  S.  Hanson,  and  D.  C. 

White.  1985.  Phospholipid  and  lipopolysaccharide  normal  and  hydroxy 
fatty  acids  as  potential  signatures  for  the  methane-oxidizing  bacteria. 
F.  E.  M.  S.  Microbiol.  Ecology  31_:  327-335. 

3.  Dowling,  N.  J.  E.,  F.  Widdel,  and  D.  C.  White.  1986.  Phospholipid 

ester-linked  fatty  acid  biomarkers  of  acetate-oxidizing  sulfate  reducers 
and  other  sulfide  forming  bacteria.  J.  Gen.  Microbiol.  132:  1815- 
1825. 

4.  Nichols,  P.  D.,  J.  M.  Henson,  C.  P.  Antworth,  J.  Parsons,  J.  T.  Wilson 

and  D.  C.  White.  1986.  Detection  of  a  microbial  consortium  including 
type  II  methanotrophs  by  use  of  phospholipid  fatty  acids  in  an  aerobic 
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Cox,  T.  A.  Langworthy,  and  D.  C.  White.  1986.  Signature  fatty  acids  in 
the  polar  lipids  of  acid  producing  Thiobacilli :  methoxy,  cyclopropyl, 
alpha-hydroxy-cyclopropyl  and  branched  and  normal  monoenoic  fatty  acids. 
F.  E.  M.  S.  Microbiol.  Ecology  38:  67-77. 

6.  Kerger,  B.  D.,  P.  D.  Nichols,  W.  Sand,  E.  Bock,  and  D.  C.  White.  1986. 

Association  of  acid  producing  Thiobacilli  with  degradation 
concrete:  analysis  by  "signature"  fatty  acids  from  the  polar  lipids 
and  lipopolysaccharide.  J.  Industrial  Microbiol.  1_:  in  press. 

7.  Sand,  W. ,  E.  Bock,  and  D.  C.  White.  1986.  Biotest  system  for  rapid 

evaluation  of  concrete  resistance  to  sulfur  oxidizing  bacteria. 

Materials  Performance  24^:  in  press. 

8.  Nichols,  P.  D.,  J.  B.  Guckert,  and  D.  C.  White.  1986.  Determination  of 

microbial  monocultures  and  complex  consortia  by  capillary  GC-MS  of 
their  dimethyl  disulphide  adducts.  J.  Microbiol.  Methods  5:  49-55. 

(b)  Awarded  ITTK/ORNL  Distinguished  Scientist  Position  July,  1986 

(c)  Presentations: 

A.  Dowling,  N.  J.  E.,  J.  Guezennec,  and  D.  C.  White.  1986. 

Facilitation  of  corrosion  of  stainless  steel  exposed  to  aerobic 
seawater  by  microbial  biofilms  containing  both  facultative  and 
absolute  anaerobes.  In  Microbial  Problems  in  the  Offshore  Oil 
Industry,  Proceedings  of  Conference,  Aberdeen,  Scotland. 

B.  White,  D.  C.  1986.  Non-destructive  biofilm  analysis  by  Fourier 

transform  spectroscopy  (FT/IR) .  Proceed.  Fifth  Int.  Congress  of 
Microbial  Ecology.  Ljubljana,  Yugoslavia,  August  1986. 

(d)  Ph.  D.  Graduate  Students  supported: 

Nicholas  J.  E.  Dowling  MsC. ,  FSU  Biology  (white  male,  Scott) 
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Michael  J.  Franklin,  Microbiology  UTK  (white  male,  USA) 
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ABSTRACT 


Concrete  exposed  to  sewage  or  industrial  waste  in  the  presence  of  air  and 

inorganic  reduced  sulfur  ccnpounds  often  degrades  rapidly.  Sulfur  oxidizing 

bacteria  of  the  genus  Thiobacillus  which  generate  sulfuric  acid  as  end 

product  of  their  metabolism  play  an  inportant  role  in  this  process. 

To  evaluate  the  resistance  of  concrete  to  the  activity  of  these 

microorganisms,  a  specially  designed  hydrogen  sulfide  chani>er  containing 

concrete  test  blocks  was  built.  In  this  chamlxjr,  temperature,  humidity, 

hydrogen  sulfide  concentration  and  exposure  to  aerosols  of  different 

thiobacilli  are  control led.  Experiments  in  this  chamlxjr  show  the  rate  of 

concrete  degradation  is  accelerated  so  that  corrosion  that  required  at  least 

5  years  in  sewer  systems  was  reproducibly  dejnonst rated  in  9  months.  With 

this  system  the  rates  of  degradation  cor responding  to  a  weight  loss  of 

between  1  and  10%  were  shown  to  correlate  Host  closely  to  densities  of 
6  8  2 

between  10  to  10  cells/  an  of  the  bacterium  T.  thiooxidans 
on  the  surface  of  the  concrete  test  specimens.  Sj^ecific  {x^lar  lipid 
components  in  the  membranes  of  the  thiobacilli  can  be  utilized  to  monitor  the 
number  of  these  organisms  on  the  surfaces  of  corroding  concrete. 


I  N  PRODUCT  I  ON 


The  utilization  of  the  versatile  and  relatively  inexpensive  building  material 
concrete  in  certain  environments  can  le;xi  to  severe  corrosion  problems.  In 
the  presence  of  a  reduced  form  of  sulfur,  oxygen,  nitrogen,  and  a  carlxan 
source  that  can  be  carlxan  dioxide,  reduced  sulfur  oxidizing  microorganisms 
can  generate  sulfuric  acid.  In  the  presence  of  the  sulfuric  acid  gypsum  can 
be  created  from  the  calcium  hydroxides  and  carlxjnates  with  often  disastrous 
weakening  of  the  structure.  This  problem  has  leen  noted  p.  imarily  in 
concrete  sewer  lines,  particularly  in  warm  and  moderate  climates 
Parker  in  1945  ^  deserilxsd  a  biologically  mediated  corrosion  mechanism 
for  the  Melbourne,  Australia,  sewer  system.  Microbially  generated  hydrogen 
sulfide  is  transported  to  the  walls  of  the  sewer  pipes  and  converted  to 
sulfur.  This  sulfur  is  oxidized  to  sulfuric  acid  by  the  metabolism  of  the 
thiobacilli.  This  theory  has  been  confirmed  by  our  work  4,6-1 2.  in  the 
course  of  study  of  sulfuric  acid  attack  on  the  sewer  network  of  Hamburg  (FRG) 
an  in-situ  study  of  the  thiobacilli  that  wore  involved  in  the  biocorrosion 
process  proved  them  to  1x2  Thiobaci  11  us  intermedins,  '1\  novel lus,  T. 
neopolitanus,  and  T .  thiooxidans  6 . 

To  study  the  corrosion  prcx>2ss  under  controlled  conditions  a  chamber  was 
constructed  in  wtiich  the  temperature,  humidity,  hydrexjen  sulfide 
concentration,  and  exposure  to  aerosols  of  specific  mixtures  of  these 
thiobacilli  was  accurately  controlled.  In  this  chamlx;r  the  corrosion  was 
reproducibly  accelerated  so  that  a  pr<x:ess  taking  more  than  5  years  in  the 
field  cculd  be  observed  in  9  months.  The  tost  system  thus  txjcame  an 
excellent  vehicle  to  monitor  the  resistance  of  different  types  of  concrete  as 
well  as  to  monitor  the  effects  of  coll  rnmix?rs  and  S[»ocies  of  thirbacilli  on 
rates  of  corrosion  1  \  Preliminary  evidence  is  also  presented  showing  the 


long  process  of  viable  counting  of  cultured  thiobacilli  isolated  from  the 
concrete  surfaces  can  be  supplemented  or  replaced  by  quantitative 
measurements  of  the  "signature"  components  of  polar  lipids  of  these 
organisms. 

EXPERIMENTAL  PROCEDURE 
Controlled  exposure  chamber . 

A  stainless  steel  chamber  was  const ructed  in  which  32  concrete  specimens 
60  cm  x  11  cm  x  7  cm  (h  x  w  x  d)  in  size  that  were  scored  into  1.8  cm  squares 
were  placed  on  end  with  the  base  standing  in  10  an  of  water.  The  temperature 
of  the  water  was  maintained  at  30°C  with  the  pH  held  at  7.0  by  means  of  an 
automatic  titration  unit.  The  air  space  above  the  water  was  maintained  at  30°C, 
at  100%  humidity,  with  10+1  ppm  hydrogen  sulfide  as  monitored  by  a 
gas  chromatograph  The  blocks  were  periodically  sprayed  with  cultures  of 
thiobacilli  that  had  teen  isolated  from  the  sewer  system.  The  pH  at  the 
concrete  surface  was  monitored  by  firmly  attached  pH  strips  on  the  concrete 
specimens.  The  strips  were  replaced  every  2  weeks.  The  test  apparatus  is 
diagrammed  in  Figure  1.  The  concrete  test  sfxaciinens  and  chanter  are 
illustrated  in  Figure  2. 

Monitoring  the  corrosion 

After  a  3  month  inoculation  period  each  sfxjcimen  was  sanpled  every  90 
days  for  3  to  4  periods.  The  surface  cutes  were  broken  off  the  concrete  test 
sanples,  transferred  to  sterile  bottles  containing  50  ml  of  sterile  washing 
solution  (see  below),  and  incubated  in  flasks  rotated  at  200  RPM  on  a  shaker 
for  30  min.  The  resulting  suspensions  were  usixl  for  dilution  series,  from 
which  selective  media  (see  below)  for  thiobaci 1 1 i,  bacterial  heterotrophs, 
and  fungi  were  inoculated.  The  cultural  evaluation  took  4  weeks.  The 

weight  loss  of  the  cutes  was  monitored  at  the  start  and  end  of  the 
experiments.  After  shaking  the  cutes  for  2  hours  in  sterile  washing  solution 


both  the  cubes  and  the  dried  washing  solution  were  weighed.  The  loss  of 
weight  equalled  the  weight  of  the  dried  corrosion  products  found  in  the 
washing  solution  divided  into  the  sum  of  the  dried  corrosion  products  and 
dried  cubes. 

Monitoring  bacterial  growth 

The  most  probable  number  (MPN)  technique  was  utilized  to  establish  the 
microbes  involved  with  the  corrosion.  For  T. intermedius  and  T\  novel lus 
the  medium  contained  Na2S203-5H2O,  5.0  g/1;  CaCl-2II20,  0.13  g/1;  N»4Cl,  1.0  g/1; 
MgS04-7H20,  1.02  g/1;  KH2P04,  0.4  g/1;  K2I1P04,  0.6  g/1;  trace  metal  solution:  (5 
ml/1  of  EOTA,  50  g/1;  ZnSO4-7H20,  2.2  g/l;  CaCl2,  5.5  g/1;  MnCl2-4H20,  5.06  g/1; 

FeS04-6H20,  5.0  g/1;  (NH4)6Mo?024,  1.1  g/1;  CuS04-5H20,  1.57  g/1;  CoCl2-6H2Of  1.61 
g/1;  in  1.0  1  distilled  water),  ferric-EHTA,  2  mg/1;  biotin,  24.4  mg/1;  in  1.0  1 
distilled  water  with  a  final  pH  of  6.5.  For  neopolitanus  the  medium 
contained  Na2s203-5H20,  10  g/1;  MgS04-7H2<),  0.8  g/1;  NH4Cl,  0.4  g/1;  trace 
metal  solution,  10  ml/1;  KH2po4,  4.0  g/l;  K2IIP04,  4.0  g/1;  in  1.0  1  distilled 
vrater.  For  T^  thiooxidans  the  medium  containe<l  Na2s2O3~5H20,  10.0  g/1;  KH2P04, 

2.0  g/1;  CaCl,  1.0  g/1;  MgSO4-7H20,  0.2  g/1;  (t*l4)2S04,  0.1  g/1;  CaCl2-2H20,  0.04  g/1; 
FeCl3~6H20,  0.02  g/1;  and  MnSO4-H20,  0.015  g/1  in  1.0  1  distilled  water.  The 
washing  solution  was  the  T\  neapolitanus  medium  without  thiosulfate.  The  media  were 
sterilized  for  30  min  at  110°C. 

The  cell  counts  were  done  on  serial  dilutions  in  steps  of  1  to  10.  Five 
culture  tubes  with  2.5  ml  of  each  medium  were  inoculated  with  0.5  ml  of  the 
serial  dilution  steps  and  incubated  on  a  rotary  incubator  at  30  °C  for 
aeration.  The  tests  were  evaluate!  after  3  weeks  of  inculcation.  Tests  for  T. 
neapolitanus  and  thiooxidans  were  considered  positive  if  the  pH  of  the 
medium  was  below  4.0  and  2.0  respectively.  ,|'o  differentiate  between  T. 
i ntermed i us/nove  1 1  us  and  T\  neapoUtanus  which  both  grow  on  the  T^ 


5 


intermedius  medium,  each  test  tube  with  turbidity  and  a  pH  below  pH  4.0  was 


streaked  on  T.  intermedius/novellus  agar  (salts  plus  1.5%  agar)  and  incubated 
at  30°^  for  1  week.  The  test  was  considered  positive  for  T. 
intermedius/novellus  if  the  colonies  were  transparent,  and  yellowish,  and 
negative  if  the  colonies  were  opaque  and  white  (T^  neapolitanus) . 

Heterotrophic  aerobic  bacteria  were  scored  after  growth  on  agar  plates 
containing  DEV-gelatin  agar  (Merck,  FRG) .  Fungi  were  counted  after  growth  on 
Sabouraud-Mal tose  agar  (Merck,  FRG). 

Analysis  for  signature  lipids 

Specimens  of  corroded  concrete  and  monocultures  of  the  thiobacilli  were 
extracted  with  a  one  phase  chloroform-methanol  solvent  and  the  lipids 
fractionated  on  silicic  acid  colunns  The  polar  lipid  fraction 

recovered  in  methanol  was  subjected  to  mild  alkaline  methanol ys is  and  the 
products  partitioned  against  water.  The  water  portion  was  analyzed  for 
phosphate  (total  extractable  phospholipid)  ^ 4 .  The  lipid  portion  was 
fractionated  into  the  acyl  fatty  acid  methyl  esters  and  hydroxy  fatty  acid 
methyl  esters  by  thin  layer  chromatography,  the  esters  recovered  and  analyzed 
by  capillary  gas  liquid  chromatography  and  with  structural  confirmation  by 
mass  spectrometry 

RESULTS  AND  DISCUSSION 

Corrosion  and  surface  pH  of  concrete 

Three  types  of  concrete  show  different  resjxxises  to  the  corrosive 
activities  of  the  thiobacilli  (Figure  3).  All  specimens  hail  an  initial  pH  of 
between  9  to  11.  With  a  resistant  Portland  cement  shown  In  the  upper  panel 

of  Figure  3  the  pH  decreased  within  120  days  to  between  2.0  +0.3  and 
remained  constant  until  the  end  of  the  experiment.  The  middle  panel  of  Figure  3 
shows  a  Portland  cement  of  intermediate  resistance.  The  initial  pH  ranained 
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constant  for  70  days,  decreased  to  pH  values  betweeen  2  and  3  in  the  next  45 
days  and  then  remained  at  that  pH  until  the  end  of  the  experiment.  The  lower 
panel  shows  the  response  of  blast  furnace  type  cement  with  the  poorest 
resistance  to  the  microbial  corrosion.  The  pH  decreased  to  pH  3  within  50 
days  and  continued  to  fall  to  a  pH  of  1.0. 

Cell  counts  of  thiobacilli  and  corrosion  of  concrete 


The  cell  counts  of  the  three  major  groups  of  thiobacilli  show  highest 
levels  in  the  most  rapidly  degrading  concrete  (lower  panel.  Figure  3). 
Although  the  lowest  levels  of  intermedius/novellus  appear  to  be  associated 
with  the  most  resistant  concrete  (upjjer  panel.  Figure  3),  the  best 
correlations  between  rates  of  degradation  of  the  concrete  and  thiobacilli  are 
with  the  most  powerful  acid  generating  species  T\  thiooxidans.  This  is 
illustrated  in  the  data  of  Table  1. 

The  plate  counts  of  heterotroj^bic  aerobic  bacteria  and  fungi  were 
independent  of  the  concrete  specimen  tested. 

Potential  of  signature  lipid  analysis  of  thiobacilli 
Assay  of  the  thiobacilli  from  the  dilution  tubes  and  culture  plates 
requires  at  least  4  weeks  and  cannot  distinguish  between  T\  intermedius  and 
T.  novel lus.  Recently  the  use  of  chemical  assays  of  the  lipid  components  of 
microbial  consortia  has  been  shown  to  provide  a  quantitative  measure  of  the 
biomass  and  comnunity  structure  without  the  necessity  of  isolation  of  the 
organisms  from  the  growth  substrate  or  culture  of  the  organisms  once  they  are 
isolated  ^ .  The  early  work  of  Shively  18,19  SUggested  that  the  lipids  of 
the  thiobacilli  were  sufficiently  unusual  to  serve  as  signatures  of  these 
organisms.  Work  for  our  laboratory  has  shown  that  the  thiobacilli  polar 
lipids  contain  ester-linked  and  ainide-1 inked  fatty  acids  with  unusual 
structures  such  as  monoenoic  15,  16  and  17  carton  fatty  acids  with 
unsaturations  at  5,  6,  7,  8,  and  9  carijons  from  the  methyl  end  of  the 
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molecules  .  Most  organisms  have  the  unsaturation  at  a  single  position 
usually  at  the  7  or  9  position  from  the  methyl  end.  These  organisms  also 
contain  unusually  large  proportions  oE  cyclopropane  fatty  acids  with  the 
three  membered  ring  betwsen  7  ami  8  in  the  17  carbon  and  between  8  and  9  in 
the  19  carbon  atom  fatty  acids.  These  lipids  also  contain  unusual  2  hydroxyl 
monounsaturated,  10  and  11  methyl  branched,  2  hydroxyl  cyclopropane,  10 
through  13  methoxy  saturated,  10  and  13  hydroxy  saturated  fatty  acids.  These 
fatty  acids  occur  in  proportions  that  enable  the  individual  species  to  be 
differentiated  from  each  other  .  The  unusual  polar  lipid  fatty  acids  and 
the  bound  fatty  acids  from  the  lipopolysacchar ide  enable  the  acid  producing 

thiobacilli  to  be  identified  in  sanples  from  the  test  specimens  and  corroded 
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concrete  sewer  sanples  from  the  field 
CONCLUSIONS 

It  has  proved  possible  to  correlate  in  sewer  pipes,  in  the 

field, ^  and  on  concrete  specimens  in  a  strictly  controlled  hydrogen  sulfide 
12 

test  chamber  that  the  degree  of  concrete  degradation  directly  correlates 
with  the  numbers  of  Thiobacillus  thiooxidans.  These  organisms  depress  the  pH 
of  the  surface  of  the  concrete  to  values  between  1  and  3  by  their  excretion  of 
sulfuric  acid.  The  developnent  of  a  biochemical  assay  for  the  thiobacilli 
allows  greater  insight  into  the  relationship  betwaen  metabolic  activity  of 
the  organisms  and  the  degradation  of  concrete.  The  development  of  this  test 
chamber  which  provides  reproducible  exixisures  to  the  biodegradative  activity 
of  the  Thiobacilli  in  reasonable  timespans  has  led  to  a  biotest  facility  for 
this  most  versatile  building  material. 
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Table  1  Relationship  between  biodegradation  of  concrete  and  number  of 
Thiobacillus  thiooxidans. 
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FIGURE  LEGENDS 


H  Figure  1.  Diagram  of  the  constant  temperature,  humidity,  and  hydrogen 

sulfide  "Biotest"  chamber. 

|  Figure  2.  Photograph  of  the  "Biotest"  chamber  showing  the  concrete 

samples  in  place  with  the  surface  pH  test  strips. 

Figure  3.  Profile  of  the  pH  (X)  and  logarithms  of  the  cell  numbers  of  T. 

: 

intermedius/novel lus  (1),  T.  neapolitanus  (2),  and  T.  thiooxidans  (3) 
measured  after  270  days  in  the  test  chamber.  Upper  panel:  resistant  Portland 
cement;  middle  panel:  intermediate  resistant  Portland  cement;  and  lower 
panel:  blast-furnace  cement  of  poorest  resistance. 
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"Signatures  of  Microbial  Groups" 
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Plasm  alogen 
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ch2-o-po3 

Sphingolipid 
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-  2.  Sulfate  Reducers. 


H2+  co2->  h2s 


Polar  ester— linked  fatty  acids:  Brl5:0,  il6:Qf 
i!7:lw8c,  and  10  Methyl  16:0. 

Hydroxy  Fatty  Acids  from  the  LPS. 


Methanogens.  H2-+-  C02  ->  CH4 
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Table  1 


A.  ESTER-LINKED  FATTY  ACID  COMPOSITION  IN  THE  POLAR  LIPIDS  OF  THIOBACILLI 

NONHYDROXY  FATTY  ACIDS 


Thiobaci I  ius  Species 


T.  intermedius  T. 

neapol i t  anus 

T.  thiooxidans 

CHAMBER 

SEWER 

Fatty  Acid 

mole  percent  of 

FAME 

15:0 

_ 

3.79 

_ _ 

1.36 

6.84 

16: lw7c  +  t 

0.87 

15.1 

9.19 

3.25 

8.54 

16:b 

15.0 

28.5 

36.1 

15.8 

23.5 

cy  1 7 : 0w( 7 , 8) 

9.46 

1.20 

5.56 

10.8 

2.43 

17:0 

2.64 

4.61 

<0.3 

2.46 

14.5 

18:lw7c  +  t 

6.63 

37.2 

39.5 

18.8 

15.9 

18: lw5C 

0.95 

0.93 

<0.3 

<1  .0 

<1  .0 

10  +  1 lMel8 : 

1  w6  5.97 

0.41 

0.70 

<1  .0 

<1  .0 

cy 1 9:0(w8 , 9) 

25.6 

1.52 

4.24 

32.8 

14.7 

cy20: 0 

11.6 

0.34 

1.35 

<1  .0 

<1 .0 

l _ 

-iv,  Ti0 

(.AMIDE 

AND 

,  Tit  C  CH¬ 

ESTER -LINK  Etr'HYDROXiFATTY 

ACIDS  SFI,  ii{ 

OH  Fatty  Acid 

mole  percent  of 

OHFAME 

2,^3-0H14:0 

0.59 

5.95 

5.74  * 

11.8  * 

21.5  * 

20H-cy 16:0 

6.44 

28.2 

— 

5.99 

10.7 

2,\3-0Hl6:0 

53.6  * 

10.9  * 

25.0  * 

16.5  * 

11.1  * 

2^3-0Hl7:0 

1.28 

3.32 

2.92 

0.96 

1.73 

20H-cy 18:0 

11.0 

38.0 

1.61 

3.70 

1.11 

2,  30H-18:0 

5.27 

5.72 

k 

22.6 

10.3 

15.2 

20H-cy 19:0 

15.3 

8.02 

42.2 

27.3 

6.69 

Z  OHFAME/FAME 

1 

12.3 

1.5 

15.3 

33.1 

42.4 

*  Indicates  found  primarily 

in  the 

polar 

ami  no  l  ipid 

B.  HYDROXY  FATTY  ACID  COMPOSITION 

OF 

THE 

LLPOPOLYSACCHAR ID E  OF  EXTRACTED  THIOBACILLI 

OH  Fatty  Acid 

mole  percent  of 

OHFAME 

2  ^ 3-OH 12:0 

39.1 

57.1 

1  .41 

19.5 

14.5 

2  f  30H-1 3:0 

1.98 

8.94 

4.37 

<1  .0 

<1  .0 

2,i  30H-1 4 : 0 

6.48 

5.81 

20.6 

26.4 

21  .4 

2.*  30H-1  5:0 

<1  .0 

8.57 

4.31 

5.48 

7.27 

2,  3011-16:0 

44.2 

7.93 

32.6 

13.3 

1  1  .6 

2?  30H-1  7:0 

<1  .0 

<1  .0 

<1  .0 

1 .28 

2.82 

2,U  30H-1  8  :0 

8.27 

4.1  5 

9.  1  8 

5.67 

1  1  .  1 

2,1  30H-1  9:0 

<1  .0 

3.41 

9.82 

9.62 

5.4  2 

Values  in  Table  1  represent  average  values  of  duplicate  analyses. 


SUMMARY 


The  acid-producing  thiobacilli  contain  fatty  acid  components  in  the 
polar  lipids  and  1 i po ly s ac char  id e  lipid  A  that  are  sufficiently  unusual  that 
they  can  be  utilized  as  "signature"  lipid  biomarkers  for  these  organisms  in 
environmental  samples.  Studies  in  microcosms  'nave  shown  correlations  between 
activity  of  these  organisms  measured  by  recovery  and  viable  counting  and  the 
degradation  of  concrete.  The  "signature"  lipid  analysis  provides  a  detection 
assay  requiring  neither  separation  of  the  organisms  from  the  substratum  nor 
growth  prior  to  determination.  The  presence  of  acid  producing  thiobacilli 
was  demonstrated  in  microcosm  samples  and  degenerating  concrete  from  the 
Hamburg  (FRG)  sewer  system. 

Key  words:  Concrete(  bjiodegradat  ion  ,  S  i  gna  t  u  re  ( 1  i  p  id  s  ,  Fatty  (atids, 
T^hiobacilli,  Acid  producing  bacteria.  Hydroxy-cyclopropyl  fatty  acids, 

Methoxy  fatty  acids) 


INTRODUCTION 


The  acid-producing,  aerobic,  grain-negative  thiobacilli  have  been 
shown  to  produce  a  diverse  complement  of  fatty  acids  in  the 
chloroformrmethanol  extractable  phospholipids  (4).  The  combination  of  o- 
methoxy,  mid-chain  hydroxy,  2-hydroxy  eye lopropane ,  midchain-branched, 
branched-cyc  lopropane ,  monounsa tu rated  at  the  omega  (w)  5,  6,  7,  8,  9,  10 
positions,  2-  and  3-  hydroxy,  and  large  proportions  of  the  " th iobac i  1 1 ic" 
cyclopropane  19:0  w(8,9)  fatty  acids  are  found  in  the  polar  lipids  of 
these  organisms.  These  polar  lipid  fatty  acids  (PLFA)  are  sufficiently  unique 
among  the  microbes  that  they  can  serve  as  effective  "signatures"  for  these 


i' 


organisms  • 

Failure  of  concrete  sewers  has  been  associated  with  ac  id -produc ing  \ 

microorganisms  that  utilize  reduced  sulfur  and  oxygen  with  the  generation  of  ^ 
sulfuric  acid  [9,  14,  17,  19],  To  study  the  resistance  of  different 
concrete  samples  to  the  effects  of  the  thiobacilli,  Sand  and  Bock  constructed 
a  chamber  in  which  the  temperature,  humidity,  and  hydrogen  sulfide 
concen trat ion  could  be  regulated  (16,  17)  and  were  able  to  greatly  accelerate 
the  biodegradation.  In  the  field  and  in  the  artificial  chamber  the  most 
rapid  biodegradation  was  associated  wi th  the  growth  of  Th i obac i 1 1  us 
thiooxidans  (9,  16).  The  detection  of  the  thiobacilli  in  these  studies 
involves  the  isolation  and  culture  on  several  media.  This  can  require  six  to 
eight  weeks.  The  present  study  will  show  that  the  presence  of  the  acid 

producing  thiobacilli  can  be  detected  in  samples  from  the  Hamburg  sewer  and  j 

/ 

from  the  biotest  chamber  utilizing  the  "signature"  biomarkers  from  the 

extractable  PLFA,  and  the  1  i popo ly sacchar id e  lipid  A  (LPS).  I  Signature  lipid 

\ 

biomarkers  been  utilized  to  detect  typo  1  and  II  me thanot roph i c 


bacteria  (11,  13),  Desu  1  f  obac  ter  and  Desul  1  ov  i_br  i  o  sulfate-reducing  bacteria 


3 


(1,  2],  the  pathogenic  bacterium  Francisella  t  u  t  arens i s  [10],  and  the 


archaeb ac te r ia L  methanogenic  archaebacteria  (7,  8], 


MATERIALS  AND  METHODS 
Materials 


Solvents  and  reagents  were  the  best  grade  available  commercially. 
Standards  and  derivatizing  agents  were  purchased  from  Supelco,  Inc. 
(Bellefonte,  PA),  Applied  Science  (State  College,  PA),  Aldrich,  Inc. 
(Milwaukee,  WI),  Sigma  Chemical  Co.  (St.  Louis,  MO),  and  Pierce  Chemical  Co. 
(Rockford,  IL). 

Samples 

x 

Thiobac i 1 lus  thiooxidans  strain  K-2 ,  neapo  1  i tanus  strain  B-2 ,  and 

T.  intermedius  strain  D-14  were  grown  and  recovered  in  the  late  stationary 

phase  by  centrifugation  as  described  previously  [4,  16].  Concrete  samples 

from  the  sewer  or  biotest  chamber  were  lyophilized  and  then  pulverized  to  y 

3 

chunks  smaller  than  1  cm  . 

Extraction 


The  modified  one-phase  Bligh  and  Dyer  extraction  was  utilized  for  all 
samples  (22].  Duplicate  samples  were  extracted  separately  and  all  data  is 
expressed  as  the  mean  of  two  determinations.  After  overn i gh t  separation 

of  the  lipid  and  aqueous  phases  in  the  second  stage  of  the  extraction,  the 
organic  fraction  was  filtered  through  fluted  Whatman  2V  filters  and 
evaporated  to  dryness  under  a  stream  of  nitrogen.  To  recover  the  polar 
lipids,  silicic  acid  columns  were  prepared  using  1  g  Unisil  (100-200  mesh), 
(Clarkson  Chemical  Co.,  Inc,  Williamsport,  PA)  activated  at  120°C  for  60  min 
and  pre-ext r ac ted  with  chloroform.  The  columns  were  14-mm  diameter  glass 
columns.  Total  lipid  was  applied  to  the  top  of  the  columns  in  a  minimal 
volume  of  chloroform.  Sequential  washes  of  10  ml  of  chloroform,  acetone,  and 


methanol  eluted  the  neutral,  glyco-,  and  polar  lipids  respectively.  The 
polar  lipid  fraction  was  dried  under  a  stream  of  nitrogen.  The  mild  alkaline 
methanolysis  procedure  (22)  was  utilized  to  prepare  methyl  esters  of  the 
ester-linked  PLFA. 

Lipopolysacc'naride  ana  ly  s  i  s 

The  residue  from  the  lipid  extraction  of  the  cells  was  refluxed  in  3  N 
HC l  for  4  hours  and  the  lipid  fraction  recovered  in  chloroform  [15].  The 
concrete  samples  were  refluxed  in  5%  (w/v)  KOH  in  me thano l : wa te r  (8:2)  for  4 


0(3^1'  'U-UvCj  (,av,  rA, 

hours,  allowed  to  cool,  the  hydrolysate  separated  from /tne  cpncrete-oy - — 

'fivj 

repeated  washes  with  water  and  chloroformyywhich  was  neutralized  with  HCl  to 
pH  6.0.  The  solution  was  partitioned  against  chloroform  and  the  lipid  soluble 
hydrolysate  recovered. 

Purif ication  of  the  lipids 

Thin  layer  chromatography  (TLC)  on  Whatman  K-6  silica  gel,  0.250  mm  thick 
was  utilized  for  purification^  The  methyl  esters  from  the  polar  lipid 
fraction  were  applied  in  a  strip  to  the  origin  of  the  TLC  plate  that  had 
previously  been  divided  into  a  large  mid  plate  channel  with  two  narrow 
channels  on  the  edges.  Authentic  fatty  acid  methyl  esters  (FAME)  and  hydroxy 
fatty  acid  methyl  esters  (OHFAME)  were  applied  to  the  outside  channels  and 
the  plate  placed  in  a  tank  for  separation  by  ascending  chromatography  in  a 
solvent  of  chloroform:  methanol:  water  (55:  35:  6,  v/v/v).  The  silica  gel 
bands  corresponding  to  the  FAME  and  OHFAME  ( R ^  >0.8)  were  lifted  from  the 
plate  with  vacuum  in  a  Pasteur  pipette  and  the  fatty  acids  recovered  with 
chloroform:  methanol  (2:1,  v/v).  The  position  of  the  aminolipids  was 
identified  by  spraying  a  portion  of  the  plate  with  0.25%  w/v  ninhydrin  in 
acetone:  lutidine  (9:  1,  v/v)  [4].  The  bands  on  the  unsprayed  portion  of 
the  plate  were  recovered  in  a  Pasteur  column  -  and  eluted  with  chloroform: 


methanol  (1:  1)  and  (2:  1,  v/v). 


The  FAME  and  OHFAME  were  separated  using  ascending  chromatography  with 
hexane:  diethyl  ether  (L:  1,  v/v).  The  FAME  band  (Rj  0.65)  and  OHFAME  band 
(R^  0.25)  were  recovered  and  eluted  with  chloroform  and  chloroform:  methanol 
( l :  l ,  v/v) . 

The  arainolipids  recovered  from  the  TLC  plates  were  subjected  to  acid 
methanolysis  in  anhydrous  methanot:  concentrated  HCl:  chloroform  (10:  1:  1, 

v/v/v)  after  heating  at  100°C  for  1  h.  The  OHFAME  were  recovered  in 
chloro form. 

Derivatizations 

Trime thy  Is i ly 1  ethers  of  OHFAME  were  formed  with  N,  0,-bis- 
(trimethylsilyl)-trif luoroacetamide  (BSFTA)  (Pierce  Chemical  Co.,  Rockford, 
IL)  [15J. 

The  position  and  geometry  of  the  monounsaturation  in  the  FAME  and  OHFAME 
was  determined  using  two  procedures.  Dimethyl  disulfide  (DMDS)  adducts  were 
prepared  as  described  (12].  These  derivatives  increase  the  resolution 
between  cis  and  t rans  geometrical  isomers  in  capillary  gas-liquid 
chromatography  (GC).  The  position  of  the  cyclopropane  ring  in  the  FAME  can 
be  determined  after  hydrogenation  in  the  presence  of  Adam's  catalyst  of  Pt02 
with  the  esters  dissolved  in  me thano 1 : g 1 ac i a l  acetic  acid,  (1:  1,  v/v)  under 

a  hydrogen  atmosphere  (140  kPa)  at  room  temperature  with  mechanical  agitation 

/ 

for  20-40  h  in  a  Parr  hydrogenation  apparatus  (Moline,  IL)  [4].^* These 
derivatives  give  fragmentation  patterns  at  branch  points  on  either  side  of  ^ 
the  original  cyclopropane  ring.  Similar  treatment  of  the  2-OHcy  FAME  did 

y 

not  yield  fragments  allowing  determination  of  the  branch  points. 

Gas  chromatography  (GC) 

Dry  FAME  or  OHFAME  were  dissolved  in  hexane  and  the  internal  standard  of 
methyl  nonadecanoate  added.  Samples  of  l .0  ul  were  injected  onto  a  50-m 
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nonpolar,  cross-linked  methyl  silicone  fused  silica  capillary  column  (0.2-mm 
i.d.,  Hewlett  Packard)  in  a  Varian  3700  GC.  A  30-s  splitless  injection  with 
the  injection  temperature  at  250°C  was  used.  Hydrogen  at  a  linear  velocity 
of  35  cm/s  was  the  carrier  gas  with  a  temperature  program  starting  with  an 
initial  temperature  of  80°C.  The  initial  20°C/min  rise  for  3  min  followed  by 
a  4°C/min  rise  for  30  min  and  an  isothermal  period  for  the  remainder  of  the 
40-min  program  was  utililzed.  Detection  was  by  hydrogen  flame  (F.  I.  D.) 
using  a  30  ml/min  nitrogen  make  up  gas  at  a  temperature  of  290°C.  An  equal 
detector  response  was  assumed  for  all  components.  Peak  areas  were  quantified 
with  a  programmable  laboratory  data  system  (Hewlett  Packard  3350  series) 
operated  in  an  internal  standard  program  relative  to  known  amounts  of 
internal  standard. 

Gas  chromatography/mass  spectrometry  (GC/MS) 

FAME  and  OHFAME  were  tentatively  identified  by  co-elution  with 
authentic  standards  supplied  by  Supelco,  Inc.  (Bellefonte,  PA)  and  Applied 
Science  Labs.,  Inc.  (State  College.  PA)  or  previously  identified  laboratory 
standards.  The  analysis  was  performed  on  a  Hewlett  Packard  5996A  GC/MS  with 
a  direct  capillary  inlet  utilizing  the  same  chromatographic  system  except  for 
the  temperature  program  which  was  begun  at  100°C  and  increased  to  280°C  at  4°  • 
C/min  for  a  total  analysis  time  of  60  min.  The  electron  multiplier  voltage 
was  between  1400  and  1600  V,  the  transfer  line  maintained  at  300°C,  the  source 
and  analyzer  maintained  at  250°C,  and  the  GC/MS  was  autotuned  with  DFTPP 
(decaf luorotr ipheny Iphosphine)  at  m/z  502  with  an  ionization  energy  of  70  eV. 
The  data  was  acquired  and  manipulated  using  the  Hewlett  Packard  RTE  6/VM  data 
system.  Other  conditions  were  as  described  previously  14). 

Fatty  ac id  nomenc 1  a t u r e 

Fatty  acids  are  designated  as  total  number  of  carbon  atoms:  number  of 
double  bonds  with  the  position  of  the  double  bond  nearest  to  the  aliphatic 


(w)  end  of  the  molecule  indicated.  This  is  followed  by  the  suffix  c  for  ci a 
and  t  for  trans  configuration  of  monoenoic  fatty  acids.  The  prefixes  i,  a, 
or  br  indicate  iso,  anteiso,  or  branched  (position  undetermined).  Mid  chain 
branching  is  indicated  by  the  number  of  carbon  atoms  from  the  carboxyl  (  A) 
end  of  the  molecule  and  Me  for  the  methyl  group.  Cyclopropane  rings  are 
indicated  with  the  prefix  cy  and  the  position  of  the  ring  from  the  aliphatic 
(w)  end  of  the  molecule.  Hydroxy  fatty  acids  are  indicated  by  the  number  of 
carbon  atoms  from  the  carboxyl  end  of  the  molecule  followed  by  the  prefix  OH. 
Methoxy  fatty  acids  are  given  with  the  number  of  carbon  atoms  from  the 
carboxyl  end  of  the  molecule  followed  by  the  prefix  MeO. 


RESULTS 

Detec t ion  o f  thiobac i 1 1 i 

The  proportions  of  ester-linked  FAME  and  both  ester-  and  ami d e- 1 i nked 
OHFAME  in  the  polar  lipids  in  the  thiobacilli  isolated  from  corroding 
concrete,  as  test  concrete  blocks  exposed  in  a  biotest  chamber  to  thiobacilli, 
and  a  sample  from  a  corroding  concrete  sewer  pipe,  are  listed  in  Table  l, A. 

The  OHFAME  from  the  LPS-lipid  A  of  the  lipid  extracted  residue  of  the 
isolated  monocultures  and  the  test  and  environmental  samples  are  given  in 


Table  l,  B.  The  similarity  in  the  patterns  of  proportions  of  FAME  and  OHFAME 
from  the  monocultures,  biotest  samples,  and  corroded  sewer  sample  indicate 
that  the  acid  producing  thiobacilli  are  a  prominent  part  of  the  microflora  in 
both  the  biotest  and  sewer  samples.  The  low  proportions  of  the  usual 
bacterial  PLFA  such  as  16:0,  Vfi:l>^c7  the  elevated  proportions  of  cy!7:Ow(7,  8) 


and  especially  the  " thiobac i 1 1  ic"  acid  cy!9:0w(7,8)  in  the  extractable  polar  lipid 
Olvc\ 

FAME,  the  2,  3-OHl6:0  in  the  orn i th ine- 1 i pi d  ,  and  the  high  proportion  of  OHFAME 

ad? 

in  the  PLFA  as  well  as  the  high  proportion  of  2,^3-01116:0  in  the  LPS  lipid  A 
are  typical  of  the  acid  producing  thiobacilli.  Hydroxy  cyclopropane  fatty 
acids  found  in  both  the  extractable  polar  lipids  and  the  LPS  lipid  A  are  typical 


of  the  acid  producing  thiobacilli^^ 


Detection  of  T.  thiooxidans 
The  elevated  proportions  of  2- 


01114:0,  2-01116:0,  and  particularly  1- 


0Hcyl9:0,  the  high  OHFAME/ FAME  ratio  in  the  extractable  polar  lipids  of  the 
biotest  chamber  and  environmental  samples  together  with  the  high  proportions  of 
3-01114:0  and  2,  3-01119:0  suggest  that  T.  th^oo)dd«ms  is  a  predominant  member 
of  the  microbial  consortia  in  the  envi momenta  1  samples.  The  higher  proportions 
of  3-01112:0  in  both  the  biotest  sample  and  the  environmental  samples  and 
T.  intermed ius  and  T\  neapol i tanus  than  in  the  T.  thiooxidans 

monoculture  indicate  that  the  other  thiobacilli  are  also  part  of  the  community. 


DISCUSSION 


Signature  PLFA 

It  has  been  possible  to  utilize  the  signature  lipid  biomarker  technique 
to  detect  specific  microorganisms  in  complex  environmental  samples.  Methane 
oxidizing  auxotrophs  contain  PLFA  that  are  sufficiently  unusual  that  they  can 
be  utilized  as  biomarkers  (11).  Exposure  of  columns  of  sub-surface  soil  to 
natural  gas  results  in  a  great  increase  in  the  specific  PLFA  of  type  II 
me  thy lotrophs  (13).  The  methanogenic  archaebac teri a  contain  bi-  and 
bidiphytanyl  glycerol  ether  polar  lipids  which  can  be  assayed  in 
environmental  samples  and  correlated  with  methanogenic  activity  in  soils  and 
sediments  (7,  8).  The  pathogenic  bacteria  Francisel la  tularensis  and  the 
sulfate-reducing  bacterial  groups  of  lactate-utilizing  Desul fovibrio  and 
acetate-utilizing  Desulfobacter  have  been  shown  to  contain  sufficiently 
unusual  patterns  of  PLFA  to  allow  their  assessment  in  mixed  microbial 
assemblies  (1,  2,  10).  The  Lncfc^d^llJe  diversity  of  unusual  PLFA  in  the  acid 
producing  thiobacilli  allows  their  detection  in  environmental  samples  (Table 
1).  ^With  samples  to  allow  replication  the  species  differences  detected  in 
monocultures  (4,  Table  1)  can  give  insight  into  the  community  structure  of 


these  organisms  as  well  as  into  the  other  physiological  groups  of  organisms 


\  V.W- 

present  (6,  9)3  Patterns  of  PLFA  to'" define  the  community  structure  of  microbial 

'  '  (i 

consortia  have  been  utilized  to  show'detrital  succession,  the  effects  disturbance 
or  predation  jjr  marine  sediments,  the  response  to  subsurface  aquifer  pollution, 
in  environmental  effects  testing,  and  the  effects  of  shifts  in  the 
microbiota  biofouling  succession  and  facilitation  of  corrosion  (18,  19-211. 
Metabolic  status  (  ^ 

Many  bacteria  accumulate  cyclopropane  fatty  acids  as  the  community  ages 


or  undergoes  nutritional  stress./  Their  formation  with  the  concomitant 


decrease  in  monoenoic  PLFA  occurs  in  monocultures  that  undergo  metabolic 
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stress  such  as  stationary  phase  grout!)  |3,  5).  This  same  phenomenon  has 
been  detected  in  the  benthic  marine  microbiota  |3,  21)  as  well  as  the  acid 


producing  thiobacilli  (4).  The  acid  producing  thiobacilli  from  the 
chamber  samples  or  from  the  degenerating  concrete  sewers  both  show  the  high 
levels  of  eye  lopropaney\  and  low  levels  of  monoenoic  PLFA  characteristic  of 
late  stationary  growth  phase. 

Role  of  ac id  produc ing  thiobacilli  i n  biodegradations 
The  correlation  between  the  degree  of  biodeterioration  of  concrete  and  the 
activity  of  acid  producing  thiobacilli  has  been  shown  using  classical 
recovery  and  culture  techniques  [9,  16,  17).  The  studies  reported  in  this 
paper  indicate  that  the  PLFA  patterns  are  sufficiently  unique  to  define  the 
presence  of  the  acid  producing  thiobacilli  and  possibly  define  the  particular 
species  that  are  present  without  the  uncertainties  and  time  delays  of 
cultural  methods.  In  addition  the  PLFA  offer  insight^  into  the  community 


structure  and  metabolic  status  of  the  total  microbial  community  associated 
with  the  biodegradat ions  of  materials  that  involve  these  organisms. 
Preliminary  evidence  from  both  corroding  sewer  systems  and  from  a  continuous 
culture  apparatus  designed  to  test  the  resistance  of  concrete  samples  to  the 
corrosive  activities  of  acid  producing  bacteria  shows  that  the  degree  of 
biodegradation  appears  to  correlate  with  the  presence  of  "signature"  PLFA  of 
the  acid  producing  thiobacilli,  particularly  T_j_  thiooxidans  [9,  16,  17).  The 
methodology  described  herein  will  allow  examination  of  an  entire  microbial 
ecosystem  so  the  interactions  between  the  acid  producing  thiobacilli  and  the 
other  organisms  that  potentiate  their  corrosive  activities  can  be  defined 


(6). 
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ABSTRACT 

The  phospholipid  ester-linked  normal  and  lipopolysaccharide  hydroxy 

fatty  acids  from  microbes  in  a  lialogenated  hydrocarbon-degrading  (HUD)  soil 

column  have  been  analyzed  in  detail  with  capillary  gas  chromatography-mass 

spectrometry  (GC-MS) .  An  increase  in  microbial  biomass  was  observed  when 

the  HHD  column  was  compared  to  a  control  azide-inhibited  column  and  to 

uncontaminated  surface  soil.  Biomass  estimates  for  the  upper  10  cm  of  the 

q 

HHD  column  averaged  5.6  x  10  cells/g  (dry  weight)  of  sediment  based  on 
phospholipid  fatty  acids  (PLFA) .  Microbial  community  structure  information 
was  obtained  following  GC-MS  analysis  of  derivatized  monounsa turated  PLFA. 
The  major  component  (16-28%  of  the  PLFA)  detected  in  the  HHD  soil  column 
was  18:1a10c.  This  relatively  novel  fatty  acid  has  been  previously  reported 
as  a  major  component  in  methanotrophs  and  its  presence  in  the  soil  is 
consistent  with  a  large  contribution  of  this  microbial  metabolic  group  to 
the  column  flora.  The  high  relative  proportions  of  CJg  components  relative 
to  C.,  fatty  acids  indicates  that  type  II  rather  than  type  I  methanotrophs 
are  the  most  abundant  microbial  flora  present.  Other  microbial  groups 
recognized  in  the  HHD  soil  column,  in  decreasing  order  of  abundance,  were 
Actinomycetes ,  the  sulphate-reducing  bacteria  Desulfovlbrio  spp.,  and 
microeukaryotes.  Differences  between  the  relative  proportions  of  these 
metabolic  groups  of  microorganisms  have  been  quantified  and  contrasted 
between  the  soils  analyzed.  Based  on  these  differences,  the  potential 
exists  to  use  these  methods  for  monitoring  shifts  in  microbial  biomass  and 
community  structure  in  aquifers  in  which  similar  indigenous  bacteria  are 


INTRODUCTION 


Bacteria  capable  of  growth  with  methane  as  the  sole  carbon  and  energy 
source  are  known  as  me thanotrophs  (1,  17).  The  physiology  and  ecology  of 
methanotrophic  bacteria  are  described  in  recent  reviews  (1,  6,  16,  17,  18, 
20,  29,  34).  Methane  monooxygenase  (MMO)  is  used  by  these  bacteria  to 
oxidize  methane  to  methanol  (1,  16,  17).  MMO  is  also  capable  of  producing 
primary  or  secondary  alcohols  upon  oxidation  of  alkanes  up  to  octane  (7, 

30)  and,  in  addition,  can  oxidize  halogenated  one-carbon  compounds  (7). 
Halogenated  one-  and  two-carbon  compounds  are  commonly  detected  in  contami¬ 
nated  subsurface  environments  and  ground  water  (30).  Wilson  and  Wilson 
(42)  used  natural  gas  to  enricli  a  population  of  bacteria  in  soil  capable  of 
degrading  trichloroethylene  (TCE) .  TCE  was  degraded  to  carbon  dioxide  in 
the  presence  of  natural  gas  (77%  methane,  10%  ethane,  77.  propane,  remainder 
contained  4  to  7  hydrocarbons;  42).  It  appears,  therefore,  that  methano¬ 
trophic  bacteria  may  be  useful  in  the  removal  of  halogenated  one-  or 
two-carbon  compounds  from  contaminated  environments  (unpubl islied  data).  An 
estimate  of  their  biomass  in  natural  systems  would  tints  be  useful  in 
optimizing  conditions  for  their  growth  and  activity.  Prior  to  this  study, 
methods  for  the  direct  measurements  of  methanotrophic  bacteria  in  micro¬ 
cosms  or  field  samples  did  not  exist. 

Methanotrophic  bacteria  are  grouped  into  two  divisions,  types  I  and 
II,  based  on  differences  in  intracy toplasmic  membrane  organization  and 
carbon  metabolism  (1,  17).  Analysis  of  cellular  fatty  acid  profiles  has 
become  a  standard  tool  in  chemotaxonomy  (14).  Type  I  methanotrophic 
bacteria  contain  esterified  fatty  acids,  predominantly  16  carbons  in 
length,  with  saturated  (16:0)  and  monotmsa turn  ted  (16:1)  fatty  acids 
present  (22,  34).  Type  II  methanotro  Ph  ic  bacteria  have  monounsaturated 
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18-carbon  chain-length  (18:1)  fatty  acids  as  the  predominant  PLFA  (22,  34). 
Fatty  acids  are  used  as  biomarkers  or  signature  lipids  in  microbial  ecology 
and  often  provide  valuable  information  on  the  structure  of  the  microbial 
community  (38).  If  membrane  fatty  acids  are  to  be  used  as  biomarkers  by 
taxonomists,  ecologists,  and  geochemists,  precise  determination  of  double¬ 
bond  positions  and  geometry  will  be  essential  for  correct  interpretation  of 
increasingly  complex  data  sets.  A  number  of  relatively  simple  and  rapid 
procedures  have  recently  been  reported  that  allow  such  determinations  to  be 
routinely  performed  (eg.  8).  The  difference  in  carbon  chain  length  and, 
more  importantly,  position  and  geometry  of  unsaturation  (22,  24)  suggest 
that  the  results  of  analysis  of  extractable  phospholipid  fatty  acids  (PLFA) 
from  an  ecosystem  would  indicate  the  presence  or  absence  of  methanotrophic 
bacteria.  Similarly,  PLFA  profiles  may  be  useful  for  characterizing  other 
microbial  groups,  capable  of  degrading  short-chain  hydrocarbon,  present  in 
soils. 

The  phospholipid  ester-linked  and  lipopolysaccharide (LPS)  normal  and 
hydroxy  fatty  acid  profiles  of  sediment  from  a  manipulated  halogenated 
hydrocarbon-degrading  (HI1D)  soil  column  are  reported  here.  The  overall  aim 
of  this  study  is  to  identify  specific  lipid  components  that  can  be  used  to 
monitor  for  methanotrophic  bacteria.  These  lipid  biomarkers  can  be  used 
for  interpretation  not  only  of  the  manipulated  laboratory  microcosms 
analyzed  here  but  also  of  samples  taken  from  field  experiments. 


MATERIALS  AND  METHODS 


Soil  and  column  description 

The  column  was  essentially  as  previously  described  (40,  42).  The  soil 
sampled  was  taken  from  Lincoln  fine  sand  (a  mixed,  thermic  typic 
Ustif luvent)  at  a  site  near  Ada,  OK.  The  soil  was  collected  in  10-cm 
increments,  returned  rapidly  to  the  laboratory,  and  |>acked  into  glass 
columns  5  cm  I.D.  x  150  cm  before  it  could  lose  significant  moisture.  Each 
10-cm  increment  was  packed  in  the  same  relative  position  it  occupied  in  the 

original  soil  profile.  The  average  bulk  density  of  the  columns  was  1.65 

3 

g/cm  .  The  saturated  hydrolic  consistency  ranged  from  120  to  190  cm/day. 

3 

The  columns  received  21  cm  /day  of  tap  water  from  Ada,  Ok.,  amended  with 
the  suite  of  organic  compounds  decribed  below.  One  column  (A)  was  exposed 
to  a  headspace  of  0.6%  natural  gas  in  air  and  received  the  following 
halogenated  hydrocarbons,  concentrations  in  pg/1:  carbon  tetrachloride, 
1100;  chloroform,  210;  dichloromethane ,  270;  te t rachloroe thylene ,  700;  tri¬ 
chloroethylene,  1000;  cis-  and  t rans- 1 , 2-d ichloroe thy lene ,  170,  190; 

1.1.1- trichloroethane,  210;  1 , 1 , 2-trichloroe thane ,  290;  1 , 1-dichloroethane , 
240;  1,2-dichloroethane,  280;  and  1 , 2-dibromoethane  (ethylene  dibromide), 
370.  Only  trichloroethylene  was  studied  In  a  previous  report  on  the  soil 
column  exposed  to  methane  (42).  Complete  results  of  the  degradation  of 
these  compounds  will  be  reported  separately  (J.  M.  Henson,  J.  W.  Cochran, 
and  J.  T.  Wilson,  manuscript  submitted).  Approximately  50%  or  less  of 
carbon  tetrachloride,  tetrachloroe thylene ,  1,1,1-trichloroethane,  and 

1.1.2- trichloroethane  were  microbially  transformed,  and  greater  than  75%  of 
each  of  the  other  compounds  were  similarly  transformed.  The  second  column 
(B)  was  inhibited  by  addition  of  0.1%  sodium  azide  to  t lie  water.  The 
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poisoned  column  was  not  exposed  to  natural  gas.  After  three  months  of 
operation  at  24-29°C,  the  columns  were  unpacked,  and  increments  were 
lyophilized  prior  to  lipid  extraction.  Control  samples  (0-10  cm  and 
148-150  cm)  were  acquired  at  a  later  date  (in  early  summer  rather  than  late 
fall)  from  the  same  site  and  were  lyophilized  as  above.  For  samples  from 
both  depths,  pH  ranged  from  6.6  to  6.1,  cation  exchange  capacity  from  4.8 
to  2,3  meq/100  gms,  sand  from  95  to  89%,  silt  from  8.8  to  4.0%,  and  clay 
from  3.5  to  1.5%.  Organic  carbon  contents  of  the  0-10  cm  and  140-150  cm 
were  0.20  to  0.22%  and  0.02%  respectively. 

Lipid  extraction  and  fractionation 

Soil  samples  were  placed  in  a  250-ml  separatory  funnel,  and  the  lipids 
were  quantitatively  extracted  with  the  modified  one-phase  chloroform 
methanol  Bligh  and  Dyer  extraction  (39).  After  separation  of  phases,  the 
lipids  were  recovered  in  the  chloroform  layer,  the  solvents  removed  in 

O 

vacuo,  and  the  lipids  stored  under  nitrogen  at  -20  C.  Duplicate  extrac¬ 
tions  of  each  sediment  sample  were  performed. 

The  lipid  was  transferred  in  a  minimum  volume  of  chloroform  to  a 
silicic  acid  column  (Unisil,  100-200  mesh,  Clarkson  Chemical  Co.,  Inc., 
Williamsport,  PA)  and  fractionated  into  neutral  lipids,  glycolipids,  and 
phospholipids  by  elution  with  chloroform,  acetone,  and  methanol  respec¬ 
tively  (11,  15).  The  fractions  were  collected  in  test  tubes  fitted  with 
Teflon-lined,  screw-cap  lids  and  dried  under  a  stream  of  nitrogen.  The 
mild  alkaline  raethanolysis  procedure  (39)  was  applied  to  the  phospholipid 
fraction.  The  technique  was  modified  slightly  in  that  hexane rchloroform 
(4:1,  v:v),  rather  than  chloroform,  was  used  to  extract  the  resulting  fatty 
acid  methyl  esters  (FAME).  LPS  normal  and  hydroxy  fatty  acids  were  recovered 
by  acidification  of  the  sediment  residue  in  50  ml  of  IN  HC1.  After  being 
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refluxed  at  100°C  for  3  h  and  cooled,  the  contents  were  transferred  to  a 


separatory  funnel  with  washes  of  25  ml  and  2  x  5  ml  of  chloroform.  The  two 


phases  were  allowed  to  separate  overnight,  the  chloroform  phase  recovered. 


and  the  solvent  removed  under  a  stream  of  nitrogen.  The  LPS  fatty  acids 


were  then  methylated  and  converted  to  their  corresponding  trimethylsilyl 


(TMSi)  ethers  with  N,0-bis-(trimethylsilyl)  trif luoroacetamide  (Pierce 


Chemical  Co.,  Rockford,  1L)  (24). 


Gas  chroma tograpln 


FAME  samples  were  taken  up  in  hexane  with  methylnonadecanoate  (19:0) 


as  the  internal  injection  standard.  Separation  of  individual  normal  and 


hydroxy  fatty  acids  was  performed  by  high  resolution  gas  chromatography 


using  a  Hewlett  Packard  5880A  gas  chromatograph  equipped  with  a  flame 


ionization  detector.  Samples  were  injected  at  50°C  in  the  splitless  mode 


with  a  Hewlett  Packard  7672  automatic  sampler  onto  a  non-polar  cross-linked 


methyl  silicone  capillary  column  (50  m  x  0.2  mm  i .  d .  ,  Hewlett  Packard). 


The  oven  was  temperature  programmed  from  50  to  160°C  at  10°C  per  minute, 


then  at  2°C  per  minute  to  300°C.  Hydrogen  was  used  as  the  carrier  gas  (1 


ml/minute).  The  injector  and  detector  were  maintained  at  300°C. 


Tentative  peak  identification,  prior  to  GC-MS  analysis,  was  based  on 


comparison  of  retention  times  with  those  obtained  for  standards  from 


Supelco  Inc.  (Bellefonte,  PA)  and  Applied  Science  Laboratories  Inc.  (State 


College,  PA)  and  previously  identified  laboratory  standards.  Peak  areas 


were  quantified  with  a  Hewlett  Packard  3350  series  programmable  laboratory 


data  system  operated  in  an  internal  standard  program.  Fatty  acid  composi¬ 


tional  data  reported  for  these  samples  are  the  means  of  two  analyses  each. 


Standard  deviations  for  individual  fatty  acids  were  generally  in  the  range 


0-30%,  typically  <10%. 
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Gas  chromatography-mass  spectrometry  (GC-MS) 

GC-MS  analyses  were  performed  on  a  Hewlett  Packard  5996A  system  fitted 
with  a  direct  capillary  inlet.  The  same  column  type  described  above  was 
used  for  analyses.  Samples  were  injected  in  the  splitless  mode  at  100°C 
with  a  0.5-mlnute  venting  time,  after  which  the  oven  temperature  was 
programmed  to  300°C  at  either  3  or  4°C  per  minute.  Helium  was  used  as  the 
carrier  gas.  MS  operating  parameters  were:  electron  multiplier  between 
1300  and  1400  volts,  transfer  line  300°C,  source  and  analyser  250°C, 
autotune  file  DFTPP  normalized,  optics  tuned  at  m/z  502,  electron  Impact 
energy  70  eV.  Mass  spectral  data  were  acquired  and  processed  with  a 
Hewlett  Packard  RTE-6/VM  data  system. 

Determination  of  fatty  acid  double-bond  configuration 

The  dimethyldisulf ide  (DMDS)  adducts  of  monounsatura ted  FAME 
were  formed,  by  the  method  described  by  Dunkelblum  et:  al.  (8),  to  locate 
the  double-bond  positions.  Samples  in  hexane  (50  pi)  were  treated  with  100 
pl  DMDS  (gold  label,  Aldrich  Chemical  Co.  Milwaukee,  WI)  and  1-2  drops  of 
iodine  solution  (6.0Z  w:v  in  diethyl  ether).  The  reaction  took  place  in  a 
standard  GC  vial  (Varlan  Pty.  Ltd.,  Sunnyvale,  CA)  fitted  with  a  teflon- 
lined  screw-cap  lid.  After  reaction  at  50°C  in  a  GC  oven  for  48  hours,  the 
mixture  was  cooled  and  diluted  with  hexane  (200  pl).  Iodine  was  removed  by 
shaking  with  5Z  (w:v)  aqueous  ^£820^  (100  pl).  The  organic  layer  was 
removed,  and  the  aqueous  layer  reextracted  with  hexane :chloroform  (4:1, 
v:v) .  The  combined  organic  layers  were  concentrated  under  a  stream  of 
nitrogen  prior  to  subsequent  GC  analysis.  GC-MS  analysis  of  the  DMDS 
adducts  showed  major  ions  attributable  to  fragmentation  between  the  CH^S 
groups  at  the  original  site  of  unsaturation.  Discrimination  between  c is 
and  tranB  geometry  in  the  original  monounsaturated  FAME  is  possible.  The 
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erythro  Isomer  (originally  the  trans  fatty  acid)  elutes  after  the  threo 
isomer  (originally  the  els  fatty  acid).  The  different  positional  isomers 
of  the  same  geometry  were  chromatographically  separated  under  the  condi¬ 
tions  used  in  this  study. 

Fatty  acid  nomenclature 

Fatty  acids  are  designated  by  total  number  of  carbon  atoms  :  number  of 
double  bonds,  followed  by  the  position  of  the  double  bond  from  the 
A(carboxylic)  end  of  the  molecule.  The  suffixes  c  and  t  indicate  c is  and 
trans  geometry.  The  prefixes  i  and  a  refer  to  iso  and  anteiso  branching 
respectively,  and  the  prefix  OH  indicates  a  hydroxy  group  at  the  position 
Indicated.  Other  methyl-branching  is  indicated  as  position  of  the 
additional  methyl  carbon  from  the  carboxylic  acid  (a)  end,  i.e.  10  methyl 
16:0.  Cyclopropane  fatty  acids  are  designated  with  the  prefix  cy,  with  the 
ring  position  relative  to  the  carboxylic  end  of  the  molecule  in  parentheses. 
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RESULTS 

Phospholipid  ester-linked  fatty  acid  (PLFA)  biomass  estimates 

The  PLFA  concentration  data  (Table  1)  was  converted  into  number  of 

cells  per  gram  of  sediment  by  means  of  the  following  approximations  (39): 

12 

5.9  x  10  bacteria/g  (dry  weight  of  cells)  with  an  average  methanotroph 
containing  57  Pmoles  PLFA/g  (dry  weight;  24).  Biomass  estimates  of  5.6  x 
10^  (range  4.1  x  10^  -  7.7  x  10^),  9.3  x  10®,  and  2.4  x  10^  cells/g  (dry 
weight)  were  determined  for  the  upper  10  cm  of  the  methane  enrichment 
column  (column  A),  the  azide-inhibited  column  (column  B) ,  and  the  untreated 
control  surface  soil  respectively  (Table  1).  Sediment  taken  from  the 
bottom  (148-150  cm)  of  the  two  columns  contained  at  least  two  orders  of 
magnitude  less  biomass  than  the  upper  layers  in  each  column. 

Fatty  acid  profiles 

A  total  of  40  normal  phospholipid  ester-linked  fatty  acids  were 
positively  identified  in  the  columns  and  soil  samples  (Table  2) .  Sixteen 
monounsaturated  components  were  present,  and  characteristic  ion  fragments 
of  the  derivatized  products  formed  by  reaction  with  DMDS  are  shown  in  Table 
3.  Interpretation  of  these  data  provided  the  primary  information  for 
assignment  of  double-bond  position  and  geometry. 

A  number  of  features  were  apparent  when  the  fatty  acid  profiles  were 
compared  (Table  2):  (i)  Several  relatively  novel  monounsaturated  fatty 

acids,  16:lA8c,  16:lA10c,  and  18:lAl0c,  were  present  in  the  methane-enriched 
HHD  samples  (column  A),  but  absent  in  column  B  and  the  surface  soil  sample. 
The  latter  fatty  acid  was  the  major  component  in  all  methane-exposed  column 
A  samples  from  2-10  cm  and  showed  an  increase  with  depth  relative  to  the 
more  common  bacterial  component  18:lAllc  (28)  (Figure  1).  (11)  A  series  of 
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10  methyl  branched  fatty  acids  was  detected  In  all  0-1U  cm  samples.  A 
higher  relative  abundance  of  these  components  occurred  in  column  B  and 
control  soil  than  in  soil  from  column  A.  (iii)  The  combined  relative 
levels  of  16:0  and  16:1  isomers  and  18:0  and  18:1  isomers  showed  minor 
changes  within  the  upper  10  cm  of  column  A.  The  sum  of  the  C^g  components 
was  generally  1.5  to  2  times  that  of  the  Cjg  fatty  acids  in  these  samples 
(Figure  2).  In  contrast,  both  the  surface  soil  and  azide-inhibited  control 
column  (B)  contained  higher  relative  proportions  of  the  C. ^  fatty  acids. 

(iv)  C^g  and  C^q  polyunsaturated  fatty  acids  (PUFA)  were  detected  in  all 
samples  from  the  upper  10  cm.  The  untreated  surface  sediment  control 
contained  the  highest  relative  level  of  18:2A9,  whereas  the  PUFA, 

20:4A5  and  20:5A5,  were  present  at  similar  relative  levels  in  column  A  and 
the  surface  sediment.  The  latter  two  components  were  not  detected  in  soil 
from  the  bottom  of  column  A  and  were  at  a  reduced  relative  level  in  column 
B  soil.  (v)  Cyclopropyl  fatty  acids,  cyl7:0  and  cyl9:(),  were  detected  in 
all  samples,  with  the  highest  relative  proportions  present  in  the  nonhalo- 
genated  hydrocarbon-degrading  samples.  (vi)  A  series  of  saturated  FAME, 
tentatively  identified  as  dimethyl  branched  components,  were  detected  in 
all  samples.  These  components  are  included  with  the  designation  other 
components  in  Table  2. 

Hydroxy  fatty  acids 

The  LPS  hydroxy  fatty  acid  composition  for  samples  from  the  methane- 
enriched  Hill)  column  A  are  presented  in  Table  4.  A  total  of  seven 
8-OH  acids  were  detected  with  even-carbon  numbered  components  predomi¬ 
nating.  6 -Oil  14:0,  8-OH  16:0,  and  8  -nil  18:0  generally  accounted  for  approxi¬ 
mately  80Z  of  the  total  OH  acid  content.  Differences  were  apparent  in  the 
relative  1  evols  of  these  three  components. 
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DISCUSSION 

Biomass 

Bacterial  biomass  assessments  for  untreated  surface  soli  (0-10  cm)  and 
the  top  10  cm  from  both  the  methane-enriched  HHD  soil  column  (A)  and  the 
azide-inhibited  column  (B)  were  close  to  values  obtained  at  the  closely 
related  Lula,  Oklahoma  site  by  the  acridine  orange  direct  count  method 

g 

(AODC;  7.0-8. 2  x  10  cells/g  wet  weight;  Balkwill,  personal  communication). 
These  findings  confirm  the  validity  of  the  use  of  I’LFA  as  a  biomass  assess¬ 
ment  tool,  as  has  been  previously  reported  for  estuarine  and  benthic  marine 
sediments  (38). 

Relative  to  untreated  surface  soil,  the  microbial  biomass  was  2.3 
times  higher  and  2.6  times  lower  for  soil  from  the  top  10  cm  of  the  HHD 
columns  and  control  azide-fed  respectively.  These  cell  number  estimates 
are  considerably  higher  than  those  reported  for  the  AODC  method  for  three 

C. 

shallow  aquifers  in  Oklahoma  (2. 9-9. 8  x  10  cells/g  dry  weight;  2,  41). 
McCarty  and  co-workers  (5,  23)  and  others  (27,  42)  have  previously  reported 
that  biotransformation  rates  may  be  increased  through  the  stimulation  of 
indigenous  bacteria  by  injection  of  a  suitable  primary  substrate  and 
required  nutrients.  The  data  presented  here  are  in  accord  with  this  view 
and  suggest  that  the  degradation  of  short-chain  halogenated  hydrocarbons  is 
accompanied  by  an  increase  in  microbial  biomass.  Smith  et  al.  (31)  showed 
the  bacterial  biomass,  estimated  from  extractable  phospholipid,  increased 
significantly  in  subsurface  sediments  in  the  recovered  Vadose  layer  at 
sites  polluted  with  creosote  waste. 
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Fatty  acids 

It  is  recognized  that  certain  fatty  acids  are  specific  to  bacteria  and 
that  different  groups  of  bacteria  can  have  different  fatty  acid  composi¬ 
tions  (14,  21).  As  a  result,  PLFA  profiles  have  been  used  previously  to 
determine  microbial  community  structure  (3,  12,  13,  15,  26,  36,  38). 

Differences  observed  for  complex  environmental  samples  have  been  subdivided 
through  a  bacterial  chemotype  approach,  however,  it  is  clearly  of  more  use 
to  obtain  Information  on  the  proportions  of  metabolic  groups  within  an 
environment.  At  the  present  time  an  increasing  proportion  of  complex 
microbial  consortia  and  environmental  samples  can  be  rationalized  in  terms 
of  their  fatty  acid  profiles  into  metabolic  subgroups  when  detailed  analysis, 
including  determination  of  double-bond  configuration  and  position,  is 
performed.  The  fatty  acid  profiles  obtained  in  this  study  will  be 
discussed  from  this  standpoint. 

Methanotrophs 

The  most  significant  feature,  when  fatty  acid  profiles  of  the  methane- 
enriched  HHD  soil  samples  (column  A)  are  compared  to  the  control  column  (B) 
and  control  untreated  surface  soil.  Is  the  presence  of  the  relatively  novel 
monounsaturated  components  18:1410c,  16:148c  and  16:1410c.  These  fatty 
acids  were  absent  in  the  non-HHD  samples.  Amounts  of  the  former  component 
increased  with  depth  (Figure  1),  constituting  282  of  the  PLFA  at  8-10  cm  In 
methane-enriched  column  A.  The  acid  18:1410c  has  only  been  reported  as  a 
major  component  in  methanotrophic  bacteria,  including  Methylosinus  trlchosporium 
(22,  24).  This  component  (18:1410c)  constituted  ~50%  of  the  total  PLFA  in 
M.  trlchosporium  and  37Z  and  512  of  the  total  PLFA  in  two  related  unclassified 
methanotrophs.  Thus,  from  the  data  obtained  for  M.  trichosporium,  it  can 
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be  calculated  that  this  bacterium  or  related  bacteria  account  for  between 
32 %  and  56%  of  the  total  microbial  biomass  in  the  HHD  soil  column  (A) .  As 
this  novel  signature  fatty  acid  was  below  detection  in  both  untreated 
control  surface  soil  and  soil  from  the  control  column  (B) ,  these  data 
indicate  that  a  significant  change  in  the  community  structure  lias  occurred 
in  the  HHD  soil  column  relative  to  the  other  soils  analyzed. 

The  second  most  abundant  component  detected  in  the  methane-enriched 
column  (A),  18:lAllc,  was  detected  by  Makula  (22)  as  a  minor  component  (11% 
to  18%  of  the  total  PLFA)  in  type  II  methanotrophs .  In  our  analysis  of  the 
PLFA  of  four  methanotrophs  (24),  18:lAllc  was  the  dominant  component 
(84-89%  of  the  total  PLFA)  in  two  strains  of  the  type  II  methanotroph 
Methylobacterium  organophllum.  Thus,  it  appears  that  M.  organophilum  or 
related  type  II  methanotrophs  may  also  contribute  a  substantial  proportion 
of  this  fatty  acid  and  the  overall  microbial  biomass  in  the  HHD  soil  column 
(A).  This  acid  (18:lAllc)  is  the  most  commonly  detected  bacterial  C^g 
monounsaturated  fatty  acid  in  many  environments  (12,  13,  15),  and  thus 
sources  additional  to  type  II  methanotrophic  bacteria  may  also  be  possible. 
At  the  present  time,  however,  the  significant  increases  in  both  the  absolute 
and  relative  proportions  of  18:1411c,  when  the  methane-enriched  HHD  soil 
column  (A)  is  compared  to  the  control  column  and  untreated  surface  soil, 
are  consistent  with  a  large  increase  in  the  biomass  of  M.  organophilum  or 
related  type  II  methanotrophs. 

The  C,_  monounsaturated  fatty  acids  discussed  in  detail  above  are 
JLo 

found  In  type  II  methanotrophs  (24,  34),  whereas  components  predominate 

in  type  I  methanotrophs  such  as  He  thy lomonas  spp.  The  greater  proportion 

of  C,„  fatty  acids  in  all  samples  from  the  upper  10  cm  of  the  methane- 
lo 


enriched  HHD  soil  column  (A)  (Figure  2),  thus,  indicates  that  type  11 
methanotrophs  are  more  abundant  than  type  I  organisms. 


Precise  determination  of  double-bond  location  and  geometry  has  enabled 
the  clear  distinction  of  signature  fatty  acids  specific  to  methanotrophic 
bacteria  to  be  performed.  These  data  represent  another  example  of  the 
application  of  such  chemical  procedures  to  laboratory  and  environmental 
samples  and  the  method  can  enable  methanotrophic  biomass  to  be  monitored. 
Such  methods,  in  many  instances,  provide  information  essential  to  the 
correct  interpretation  of  increasingly  complex  data  sets.  In  addition  to 
the  large  community  of  methanotrophic  bacteria,  in  the  methane-enriched 
column  (A),  other  microbial  populations  were  also  distinguished. 
Actinomycetes 

Actinomycetes  are  commonly  found  in  soils  and  have  been  reported  to 
comprise  13 %  to  30%  of  the  total  microbial  flora,  depending  on  the  season 
of  the  year  (37).  Members  of  Arthrobacter ,  Nocardioides ,  and  other  genera 
contain  a  number  of  10-methyl  fatty  acids:  10  methyl  18:0  ( tuberculosteric 
acid),  10  methyl  17:0,  and  10  methyl  16:0  (25).  Similarly,  cyclopropane 
fatty  acids  were  detected  only  in  Actinomyces  (19) . 

The  presence  of  a  series  of  10  methyl  branched  fatty  acids  in  all 
upper-10-cm  soil  samples  analysed  in  this  study  (Table  3)  is  thus  consis¬ 
tent  with  the  presence  of  members  of  the  Actinomycetes.  The  relative 
proportion  of  these  components  is  significantly  lower  in  the  methane- 
enriched  HHD  soil  column  (A)  than  in  either  the  column  (B)  or  the  untreated 
surface  soil.  A  20%  contribution  of  the  total  PLFA  in  the  HHD  soil  column 
is  due  to  the  10  methyl  branched  fatty  acid-containing  Actinomycetes, 
according  to  calculations  similar  to  those  given  above  for  monitoring 
methanotroph  biomass  and  average  Actinomyces  fatty  acid  compositional  data 


(25).  A  higher  contribution,  50%  of  the  total  PLFA,  occurred  in  the 
control  column  (B)  and  untreated  surface  soil. 

These  calculations  may  represent  an  overestimation  of  this  group  of 
organisms,  as  it  has  recently  been  reported  that  Desulfobacter  spp.  also 
contain  10Mel6:0  (33).  Desulf obac ter  spp.  typically  contain  low  propor¬ 
tions  of  the  longer  chain  homologues,  10Mel7:0  and  10Mel8:0.  Thus,  it 
seems  reasonable  to  assume  that  a  large  proportion  of  the  10  methyl  fatty 
acids  are  due  to  members  of  the  Actinomycetes. 

Other  microbial  groups 

A  number  of  fatty  acids,  reported  in  sulphate-reducing  bacteria  (4,  9, 
33),  were  present  in  all  samples  (Table  3).  The  branched  chain  monoenoic 
fatty  acids,  117:lA9c  and  115:lA9c,  are  common  to  Desulf ovibrio  spp.  (4, 

9),  and  10  methyl  16:0  is  a  major  component  in  Desulfobacter  as  noted 
above.  Iso  17:lA9c  has  also  been  detected  recently  in  several  Flexlbacter 
(unpublished  data).  In  the  Flexlbacter  analyzed,  117:1a11  was  also  present 
in  proportions  similar  to  those  of  il7:lA9c.  As  117:  IaII  was  not  detected 
in  this  study  the  contribution  from  Flexlbacter  is  probably  minimal.  If  it 
is  assumed  that  all  the  117:lA9c  detected  can  be  attributed  to  Desulf ovibrio 
spp.,  then  tills  bacterial  group  contributes  approximately  5%,  8%,  and  10% 
of  the  total  PLFA  in  the  methane-enriched  HMD  soil  column(A),  the  control 
column(B)  and  untreated  surface  soil,  respectively. 

It  has  been  reported  that  certain  atypical  bacteria  produce  large 

amounts  of  branched-chain  monoenoic  acids  (13).  Other  than  for  Desulf ovibrio 

a 

spp.,  117:lA9c  is  not  normally^dominant  component.  At  the  present  time 
and  based  on  the  current  literature,  it  has  been  assumed  for  the  calcu¬ 
lations  above  that  Desulf ovibrio  spp.  is  the  sole  source  of  117:1a9c. 


Further  studies  are  planned,  including  the  analysis  of  PLFA  from  bacteria 
isolated  from  untreated  surface  soil,  to  clarify  this  point. 

A  minor  contribution  from  eukaryotic  organisms  is  occurring  in  all 
surface  samples,  as  the  C^q  PUFA  20:4&5  and  20:5a5  are  specific  to  eukar¬ 
yotes  (3,  10,  36). 

LPS  hydroxy  fatty  acids 

Even  carbon-numbered  0-OH  acids  dominated  the  hydroxy  acid  profile  for 
the  methane-enriched  HHD  soil  column  (Table  4).  Differences  occurring  in 
the  upper  10  cm  of  the  column  can  be  rationalized  as  due  to  variations  in 
the  microbial,  in  particular  methanotropic ,  community  structure.  The  three 
major  components,  0-OH  14:0,  b~0H  16:0,  and  p-OH  18:0,  were  the  only 
components  detected  in  four  methanotrophs  (24).  These  data  add  further 
supporting  evidence  to  the  view,  based  on  the  ester-linked  PLFA  profiles, 
that  methanotrophic  bacteria  constitute  a  major  proportion  of  the  microbial 
biomass  in  the  methane-enriched  HHD  soil  column. 

The  PLFA  and  LPS  hydroxy  acid  profiles  reported  have  enabled  the 
microbial  biomass  in  a  methane-enriched  soil  column  and  related  control 
samples  to  be  determined.  Bacterial  numbers,  calculated  using  factors 
derived  from  bacterial  monocultures  (24,  39,  Nichols  £t  al . ,  in  press), 
were  similar  to  those  reported  recently  by  the  AODC  method  for  closely 
related  samples  (2).  These  data  thus  validate  t lie  use  of  PLFA  as  a  mecha¬ 
nism  for  determining  microbial  biomass  in  soil.  More  importantly, 
comparison  of  the  PLFA  profiles,  particularly  when  precise  determination  of 
double-bond  configuration  is  performed,  has  enabled  bacterial  community 
structure  to  be  differentiated.  The  methane-enriched  HHD  column  was  found 
to  be  significantly  higher  in  PLFA  specific  to  type  II  methanotrophs.  A 
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decrease  In  biomarkers  for  Act inoraycetes  and  Desulfovibrio  spp.  was  also 
noted  for  the  HMD  soil  relative  to  the  other  samples  analysed. 

Community  structure  information,  as  determined  from  PLFA,  has  provided 
data  on  the  effect  of  stimulating  indigenous  soil  bacteria  by  addition  of  a 
primary  substrate  and  nutrients.  The  findings  for  tills  model  system  repre¬ 
sent  data  that  can  be  drawn  upon  as  biotransformation  processes  similar  to 
the  one  described  here  are  adapted  to  aquifers.  Such  a  project  is 
presently  underway  in  collaborative  studies  between  our  laboratories  and 
may  help  rationalize  shifts  in  PLFA  composition  associated  witli  pollution 


in  subsurface  sediments. 
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Table  1  Phospholipid  ester-linked  fatty  acid  content  and  estimated  cell 
numbers  for  sediment  samples  from  a  methane  enriched  halogenated 
hydrocarbon-degrading  column  and  related  samples. 


Sum  of  phospholipid 
ester-linked  fatty  acids 

Sample  nmoles/g  (dry  weight)  Number  of  cells/ga 


Column  A  (methane-enriched)) 

0-10  cmb  53.8 

148-150  cmC  0.61 

Column  B  (exposed  to  sodium  azide) 

0-10  cmC  8.93 

148-150  cm°  0.04 

c  9 

Untreated  surface  soil  22.8  2,4  x  10 

:  Determined  using  conversion  factors  described  In  text  from  White  et  al. 

(14,  22),  and  Nichols  e_t  al.  (24). 

b:  Mean  of  10  samples, 

c 

:  Mean  of  2  samples. 


9.3  x  108 
4.1  x  106 


5.6  x  109 
6.3  x  107 
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Table  2  Phospholipid  normal  ester-linked  fatty  acids  from  a  methane- 

enriched  halogenated  hydrocarbon-degrading  sediment  column  and  related 
samples. 

Percentage  composition 

Column  A:  Column  B:  Control 


Fatty  methane-  azide- 

acid  enriciied  inhibited 


0-2b 

2-4 

4-6 

6-8 

8-10 

148-150 

0-10 

12:0 

0.22 

c 

TR 

TR 

TR 

TR 

1.4 

_h 

- 

13:0 

TR 

TR 

TR 

TR 

TR 

1.2 

- 

- 

114:0 

0.27 

0.29 

0.27 

0.32 

0.32 

0.20 

0.20 

14:0 

1.3 

1.5 

1.6 

1.4 

1.3 

1.4 

1.1 

0.37 

il5:ld 

0.20 

0.37 

0.20 

0.19 

0.2 

- 

TR 

TR 

115:0 

2.5 

2.9 

2.7 

2.8 

3.0 

2.6 

5.4 

5.9 

al5:0 

1.2 

1.5 

1.4 

1.4 

1.7 

2.1 

2.3 

2.6 

15:0 

0.73 

0.45 

0.44 

0.46 

0.42 

TR 

0.68 

0.53 

116:lA9c 

0.59 

0.36 

0.33 

0.23 

0.28 

- 

0.32 

0.48 

10Mel5:0 

0.20 

0.19 

0.15 

0.16 

0.14 

- 

0.31 

0.29 

116:0 

2.1 

1.5 

2.1 

1.5 

1.6 

3.7 

3.8 

3.8 

16: lA7c 

0.50 

1.1 

0.53 

0.44 

1.0 

- 

TR 

1.1 

16: 1a8c 

NAQ1 

NAQ 

2.4 

3.3 

2.4 

TR 

- 

- 

16:1a9c 

9.9 

13.7 

11.7 

9.4 

7.6 

6.4 

10.3 

3.5 

16:lA9te 

1.4 

1.3 

1.5 

1.3 

1.1 

2.6 

1.9 

TR 

16: lAllc 

2.7 

4.3 

5.0 

4.4 

4.4 

2.3 

5.3 

5.1 

16: lAllt 

TR 

0.35 

0.13 

0. 10 

TR 

- 

- 

- 

Table  2  (continued) 
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16:0 

9.2 

8.8 

8.6 

8.4 

8.0 

62.  1 

13.7 

11.2 

117:1A9c 

0.8$ 

1.3 

1.5 

1.2 

1.4 

1  .  1 

2.1 

2.7 

10Mel6:0 

1.6 

2.0 

2.0 

2.0 

2.3 

2.3 

5.4 

5.7 

117:0 

0.92 

1.0 

J  .  1 

1  .  1 

1.2 

TR 

2.8 

2.9 

al7:0 

2.0 

1.5 

1  .4 

1 .5 

1.5 

1  .  1 

2.8 

3.3 

cyl7:0 

1.5 

1 . 9 

2.3 

2.2 

2.0 

1  .  3 

4.8 

2.3 

17:0 

0.62 

0.41 

0. 36 

0. 26 

0.  36 

1  .  1 

0.81 

0.66 

10Mcl7:0 

0.37 

0.47 

0.47 

0.  48 

0.47 

- 

1.2 

1.1 

18:4a6,9,12,15 

2.5 

1.9 

1.5 

1 .9 

2.3 

- 

0.38 

0.24 

18:2A9,12 

1.3 

1.1 

0.8 

1.3 

0.86 

TR 

0.90 

4.8 

18: 1a9c 

4.9 

NA() 

3.2 

0.63 

NAQ 

- 

5.7 

6.9 

18: IAIOc 

16.1 

21.5 

20.3 

25.6 

27.9 

1.6 

- 

- 

18: lAllc 

22.5 

17.  7 

16.4 

15.7 

13.5 

1.8 

6.7 

9.1 

18: lAllt 

0.22 

0.23 

0.46 

0.32 

0.30 

TR 

0.69 

0.41 

18:1A13c 

0.61 

1.2 

0.94 

0.9  3 

1.1 

TR 

0.64 

1.5 

18:0 

2.1 

1.8 

1.8 

2.0 

1.8 

1 .8 

3.2 

2.6 

10Mel8: 0 

1.4 

0.82 

0.92 

0.99 

1  .0 

- 

2.2 

1.8 

cyl9:0 

1.9 

2.2 

2.3 

2.2 

2.6 

2.  1 

7.5 

8.4 

20:4A5,8,11,J6 

1  .4 

1.5 

1  .  5 

1  .  3 

1.3 

- 

0.20 

1.2 

20:5*5,8,11,14.1/ 

0.21 

0.26 

0.19 

0.22 

0.27 

- 

TR 

0.36 

20:3 

- 

- 

- 

- 

- 

- 

- 

0.  72 

20: lAllc 

- 

- 

- 

- 

- 

- 

0.38 

0.33 

20:0 

TR 

TR 

TR 

TR 

TR 

TR 

0.90 

0.39 

otliera^ 

4.0 

2.6 

2.4 

2.  1 

4 . 4 

- 

5.4 

7.6 

nmolea/g^ 

4  2 

61 

50 

74 

4  2 

().»• 

8.9 

23 

Table  2  (con't) 


n :  Fatty  acid  composition  Is  expressed  In  term;:  of  the  percentage  of  the 

|)  (- 

total  fatty  acids.  :  Depth  In  cm  1mm  top  ol  column.  :  TR,  trace  <0.1%. 

Position  of  nnsaturat ion  not  determined  because  of  Insufficient  sample 
material .  Components  present  con  lute  with  I  I5:Ia9c.  *  :  1  f> :  lA  10c  also 
present  in  several  column  A  samples,  hut  not  quantified.  Other  compo¬ 

nents  include  trace  amounts  ( '0 .17.)  ol  I A :  1  (I  isomer;:).  15:1  (2  isomers) 

n  1 1  |  1 

and  17:1  9c.  Dry  weight  basis.  :  -  not  detected,  :  NAt),  present  but 

not  accurately  quantitated. 


Table  3  Monounsaturated  fatty  acids  from  a  me  t  hano-enr  t  died  lialogeuated 
hydrocarbon-degrading  sediment  column  (A).  Cos  chromatographic 
retention  data  and  clinracterist ic  ion  fragment s  of  derivatized 


producta  formed  by  reaction  of  the  fatty  acids  with 
dimethyJdlmilphlde  (HMDS) . 


Fatty  acid 

Rt" 

Ion  1 

Ml 

laments  (m/z)  of  l)MI)S  adducts 

l>  c 

in-l  raiment  A-l  r,*ij»iiient 

115:1*' 

17.79 

e 

- 

- 

116: lA9c 

19.  74 

- 

- 

21  7 

16:lA7cd 

20.34 

- 

- 

- 

16: 1a8c 

20.40 

- 

159 

203 

16: lA9c 

20.44 

362 

145 

21  7 

16 : 1 A9t 

20.52 

362 

14  5 

217 

16: lAlOc 

20.52 

- 

111 

231 

16: 1A1 lc 

20.64 

36  2 

l  J  7 

245 

16: 1 Allt 

20.  77 

362 

l  I  7 

24  5 

117: lA9c 

21.69 

- 

J  59 

21  7 

17: lA9c 

- 

- 

1  59 

21  7 

18:1A9c 

24.51 

- 

J  7  3 

217 

18: l AlOc 

24.5  7 

390 

159 

231 

V 

< 

CD 

24.64 

390 

1  4  5 

24  5 

18: 1  All.t 

24.  76 

390 

145 

24  5 

18:  lA13c 

24.86 

390 

1  1  7 

2  73 

Retention  time 


w-Fragment  indicates  fragment  including  aliphatic  end  of  the  molecule. 
A-Fragment  indicates  fragment  including  carboxylic  end  of  the  molecule. 
Identification  based  on  GC  retention  data  alone. 

—  Not  detected  in  GC-MS  analysis  because  of  insufficient  sample 
material. 


A 

A 

S 

xfl 


Table  4  Llpopolysncchar ide  (I, PS)  g-hydroxy  acids  from  a  methane-enriched 
hnlogeunted  hydrocarbon-degrading  sediment  column  (A). 


I 

i 


g-hydroxy 

acid 

0-2*’cm 

2-4cin 

Percentage  composltlonn 

4-6cm  6-8cm  8-1 0cm 

148-150cm 

0-OH  10:0 

6.5 

4 . 6 

10.5 

4.7 

5.5 

NI) 

g-OII  12:0 

15.9 

10.8 

11.8 

16.0 

10.9 

TR 

g-011  13 :  0C 

TR 

TR 

TR 

TR 

5.6 

NI) 

g-OII  14:0 

32.5 

21.4 

22.3 

25.6 

30.2 

TR 

g-OII  15:0C 

TR 

TR 

TR 

TR 

4.7 

ND 

g-OH  16:0 

21.9 

35.0 

30.3 

33.0 

29.4 

TR 

g-OH  18:0 

23.1 

33.1 

25.1 

20.7 

13.5 

TR 

nmoles /gfl 

3.1 

3. 1 

2.7 

3.0 

4.5 

0.1 

a:  f?— Oil  acid  compos  1 1  lou  Is  expressed  In  terms  of  the  total  g-hydroxy  acids, 

b:  Sediment  depth  (cm), 

c:  Branched  component. 


d:  Dry  weight  basis. 
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F1GURK  LEGENDS 

Figure  1.  Ratio  of  major  fatty  acids  18:lA10c  and  18:lAlJc  versus  sediment 
depth  from  a  metliane  enriched  halogenated  hydrocarbon-degrading 
soil  column  (column  A,  without  azide). 

Figure  2.  Relative  proportions  of  (1)  16:0  and  16:1  isomers,  closed 

symbols,  and  (11)  18:0  and  L8:l  isomers,  open  symbols.  Circles, 
methane-enriched  column  A  (halogenated  hydrocarbon-degrading); 
squares,  column  6  (exposed  to  sodium  azide);  triangles,  untreated 
surface  sediment. 


COLUMN  SEDIMENT  DEPTH  (cm) 


Environmental  Effects  Testing  with  Quantitative 
Microbial  Analysis:  Chemical  Siftnaturcs 
Correlated  with  in  situ  Hiofihn 
Analysis  by  FT/I  It 

DAVID  0.  WIDTH,  Center  for  llmnieilical  and  Tax  i  a  )!<>(’ tea  l  lie- 
search  it  HI  Nuclear  Research  Itiuliluifj  Florida  State  University 

Tallahassee.  FL 

Abstract 

( ’hi'mic.tl  mi'iism cs  fur  I  In*  hinniiiss.  rmmntmily  si  rue  I  ttrr,  imlritmnnl  status,  ami 
mi'lalHilir  activities  of  lilt'  inirruhiiita  have  nIhiwii  a  remarkahh'  r«'S|Muisivem'ss  la 
rlumijos  in  tin*  Imlk  II ti ill  |ilivHii  al  anil  rla'iniral  |ir«|H'i I irs.  Iln>  ■  hrinistry.  hiisli'- 
f'rmlahilily.  ami  iiii<T<ila|Miti*i'y  ai  lin'  Sllllarrs,  as  Aril  as  liiola^ical  laclnrs  surli  as 
(ilrflal iun  Chemical  analysis  of  the  iiiiirnhmla  ihacleria,  al^ar.  Ii  lli|'l .  |nalax»ii, 
ami  iniciaim'la/.aa  witli  llii'ir  extracellular  |n  isliii  ls  II  .r>nmi  in  diamrlrr)  ilm-s  not 
require  i|iianlilativc  release  of  the  argali  isms  from  surfaces  nr  Ihal  tin-  organisms 
ari'iihh'  In  rnrm  colonies  in  snliriilliiros  Tin*  srnsil  l  vily  ni  l  hr  inirrnhinla  Inehnnijea 
in  llii'ir  lial>itats«i|>|>rKls  llial  tlirsrrlirniiral  measures  ran  hi  |irnviilr  a  i|iiantilalivv 
method  far  riivirannirntnl  I'lfecls  leslinu  Clinii|>os  in  llir  inarinr  Is'iilhir  miero- 
liiata  rx|Misiiri'  la  xrnalnal  its  al  I  In:  iig/l  Icvrl  ar  ail  ami  |»as  well -drilling  llaiils 
dcmonsl  rate  this  sensitivity  These  analyses  ila  mil  ilestray  the  vital  interarliaiis 
within  iniernenlniiieK of  mixed  |ihysiolo|{ieal  ly|ies  Ihal  characterize  many  environ- 
inenls.  The  chemical  measures  are  ileslrm  live.  Nondestructive  analysis  af  hio- 
films  af  areas  in  Hie  xitr  inline  af  mierncolonics  hy  (•'mirier  Irnnsfnrminn  infrareil 
spectrometry  may  ullinuitely  provide  the  mast  effective  method  far  enviramncnlnl 
elTects  testing 

IIYI’OTIIKSIS 

The  hnsis  of  this  analysis  assumes  that  the  microbiola  in  a  given 
envirnntneiil  faithfully  relied  (heir  optimal  habitat.  It  further 
assumes  thill  changes  in  the  conditions  of  this  habitat  are  rapidly 
and  quantitatively  revealed  in  the  composition  and  activity  of  the 
microhiota.  For  convenience  the  lertn  microbinta  in  this  study 
includes  the  prokaryotes  and  the  eukaryotes  such  as  algae,  proto¬ 
zoa,  lungi,  and  microiuolazou  that  pass  through  a  0.f>  mm  mesh 
sieve. 

Toxicity  Assessment:  An  InU'rnntionnl  tjuarterly  Vnl.  I.  .'IIS  .'l.’IH  1 19861 
O  1986  John  Wiley  &  Sons,  Inc.  CCC  0884 .8IHI/H(>/u:i:i  16-24(04  00 
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INTRODUCTION 

The  microbioln  form  the  base  of  the  food  chain  in  soils  and  sedi¬ 
ments.  Recent  studies  indicate  that  the  planktonic  bacteria  in  the 
ocean  may  also  represent  a  major  feedstock  to  a  large  group  of 
microflagellatc  protozoa  that  are  in  turn  the  food  source  of  larger 
ciliate  protozoa  and  zooplankton.  There  is  no  question  that  the 
microbiota  represent  the  largest  biomass  of  most  environments. 
There  are  environments  such  as  the  hypersalinc  salt  Hats  or  hy¬ 
drothermal  springs  or  vents  where  microbes  form  the  only  bio¬ 
logically  active  components.  These  microlies  are  present  in  large 
numbers.  For  example  tin;  bacterial  biomass  of  surface  soils  anil 
sediments  from  environments  as  diverse  as  tropical  estuaries  or 
Antarctic  marine  sands  is  equivalent  to  greater  than  l(l!>  cells  the 
size  of  Pseudomonas  fhiorcsn-ns  per  gram  dry  weight  (While  el  al. 

1984) .  Even  such  unlikely  habitats  as  subsurface  clay  aquifer 
sediments  recovered  from  depths  as  great  as  420  meters  Itolow  the 
surface  may  contain  the  equivalent  of  10*'  bacteria  per  gram  dry 
weight  (White  et  al.  I9H;|>. 

This  microbial  biomass  can  persist  in  a  dormant  state  with 
most  of  the  individual  organisms  inactive  for  long  periods  or  can 
spring  to  activity  so  rapidly  that  it  becomes  very  difficult  to  esti¬ 
mate  the  native  metabolic  status.  Fine-grained  sediments  often 
contain  abundant  reduced  carUin  energy  sources  ami  nutrients, 
but  are  limited  in  the  concentration  of  terminal  electron  acceptors. 
The  addition  of  oxygen  that  may  occur  when  labeled  precursors  are 
added  to  the  sediments  to  estimutc  metabolic  activities  can  result 
in  a  significant  "disturbance  artifact".  Such  disturbance  artifacts 
can  be  readily  demonstrated  by  the  incoi  |M»ration  of  II;|' ',5el*<  >«  into 
phospholipids  (Moriarly  el  al.  I98.r)).  Findlay  et  al.  (1985)  have 
developed  a  particularly  sensitive  measure  of  this  disturbance  by 
comparing  the  ratio  of  MC-acetate  incoi  |H»ration  into  the  prokary¬ 
otic  endogenous  storage  product  |>oly  beta-hydroxy  alkanuatc 
(PHA)  to  phospholipid  fatty  acids (I’l, FA).  In  ImiIIi  these  studies  the 
onset  of  detectable  increases  in  metabolic  activity  had  occurred  by 
the  time  the  first  sumple  could  be  taken. 

There  is  a  large  and  potentially  active  biomass  of  microbiota 
in  nearly  every  environment  in  which  life  can  survive.  There  is 
evidence  that  the  community  structure  and  metabolic  activities  of 
these  microbes  reflect  the  microhabitals  of  these  organisms  ( White 

1985) .  It  follows  that  the  introduction  of  chemical  contamination 
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into  microbial  habitats  should  induce  .shills  in  community  struc¬ 
ture  and  metabolic  activities  that  could  provide  excellent  quanti¬ 
tative  microbial  effects  tests. 

The  Problem 

Microbes  found  in  environments  present  a  complex  problem  for 
assays,  Even  in  the  water  column  the  classical  methods  of  microbi¬ 
ology  that  involve  the  isolation  and  subsequent  culturing  of  organ¬ 
isms  on  petri  plates  can  lead  to  gross  underestimations  of  the 
numbers  of  organisms  delectable  in  direct  counts  of  the  same 
waters  (dounnsch  and  Jones  105!)).  With  sediments  and  biofilms 
the  problems  with  classical  methods  arc  more  severe.  In  addition 
to  the  problems  of  providing  a  universal  growth  medium  in  the 
petri  plate,  the  organisms  must  he  quantitatively  removed  from 
the  surfaces  and  from  each  other.  Direct  microscopic  methods  that 
require  quant  itative  release  of  the  bacteria  from  the  biolijm  can 
have  the  problem  of  inconsistent  removal  from  some  surfaces. 
High  s|>ced  blending  of  sediments  to  remove  the  microhiuln  prior  to 
staining  and  direct  counting  in  epilluorcsccnt  illumination  was 
neither  qunnlilnlivc  nor  reproducible  when  compared  to  chemical 
assay  of  the  tniiramic  acid  of  the  prokaryotic  cell  wall  in  one  study 
of  marine  sediments  (Moriarty  1980).  Direct  microscopy  can  be 
l»crforuied  on  the  sediment  particles  or  thin  biolihns  by  making 
estimations  for  organisms  rendered  invisible  by  sediment  gran¬ 
ules  or  overlapping  organisms  in  biolilms.  The  application  of  com¬ 
puter-based  image  enhancing  can  allow  calculations  of  microbial 
biomass  in  complex  assemblies  (Caldwell  and  (iermida  1984).  This 
methodology  works  licst  when  the  density  of  organisms  in  the 
sediments  or  biolilms  is  low  and  overlapping  is  minimal.  Even 
with  computer  enhanced  image  processing  in  direct  microscopy, 
we  are  left  with  the  problem  thul  the  in  situ  methods  ollen  fail 
because  the  morphology  of  a  microbe  oilers  little  insight  into  the 
metabolic  function  or  activity  of  the  cells.  Methane-forming  bacte¬ 
ria  for  example  come  in  all  sizes  and  shapes  (Zeiku.s  1977).  The 
problem  is  further  complicated  by  the  fact  that  in  many 'environ- 
mcnls  only  a  tiny  fraction  of  the  organisms  is  active  at  any  one 
lime  and  aside  Jrom  the  observation  of  bacterial  doubling  (llag- 
strom  et  al.  1979),  the  morphology  gives  little  evidence  of  the 
activity  of  the  cells.  Microscopic  changes  induced  by  showing  the 
fraction  of  active  cells  by  letrazolium  reduction  und  lormazan 
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accumulntioo-or  nutrient  stimulation  in  the  presence  of  nalidixic 
acid  will*  significant  elongation  of  the  cells  appear  to  work  in 
dilute  planktonic  environments  (Maki  and  Komsen  1981).  The 
most  direct  method  of  determining  the  pro|>ortion  of  active  cells  in 
a  given  hiofilm  involves  a  combination  of  autoradiography  ami 
electron  or  epi fluorescence  microscopy  (Stanley  and  Staley  1977). 
All  these  methods  require  metabolic  activity  in  ( hi;  presence  of  I  lie 
substrates  ami  are  subject  (o  the  limitations  of  density  of  organ¬ 
isms  and  thickness  of  the  hiofilm  in  the  (ield  of  view.  With  the 
necessity  for  inducing  metabolic  activity  there  is  a  danger  of  i  minc¬ 
ing  arlificnlly  high  levels  of  activity  with  the  addition  of  the 
substrates.  Application  of  tbe  extremely  sensitive  chemical  meth¬ 
ods  has  shown  the  induction  of  activity  in  the  sedimentary  micro- 
biota  when  subjected  to  minimal  disturbances  (Findlay  el  al. 
1985). 

The  attachment  to  and  activity  of  microbes  at  surfaces  is  an 
ex.tremely  ini|M»rtnnl  feature  of  microbial  ecology  (Marshall  I97(>; 
1984).  Not  only  do  microlies  attach  to  surfaces,  but  many  exist  in 
consortia  of  multiple  mulatiolic  types.  The  best  studied  consortium 
is  probably  Ihalofnnaeroltcs  that  ferment  complex  plant  polymers 
to  volatile  fatly  acids,  carlton  dioxide,  and  methane  in  the  rumen  of 
vertebrates  (Wolin  1979).  Microcolonies  of  mixed  bacterial  types 
bound  together  with  extracellular  |>olymcrs  are  readily  delect¬ 
able  in  marine  sediments  by  transmission  electron  microscopy 
(Moriarty  and  Hayward  1982).  Isolation  of  tbe  microbes  in  these 
consortia  for  viable  counting  or  direct  microscopic  examination  is 
often  impossible  and  can  provide  little  insight  into  the  details  of 
the  interactions  that  take  (dace.  Since  these  consortia  have  much 
more  versatile  metabolic  propensities  than  single  secies,  it  is 
important  in  environmental  effects  lusting  to  preserve  as  much  us 
possible  the  anatomy  and  meluliolic  interactions  of  these  micro¬ 
colonies.  For  that,  a  new  lyi»e  of  analysis  (hat  does  not  involve 
quantitative  removal  of  the  microbes  from  surfaces  or  stimulation 
of  new  and  possible  urtifactual  metabolic  activities  is  necessary. 

An  Interim  Solution 

Our  laboratory  has  l»een  involved  in  the  development  of  assays  to 
define  microbial  consortia  in  which  the  bias  of  cultural  selection  of 
tbe  classical  plate  count  is  eliminated.  Since  the  total  community 
is  examined  in  these  procedures  without  the  necessity  of  removing 
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the  microbes  from  surfaces,  the  microstructure  of  multi-species 
consortia  is  preserved.  The  method  involves  the  measurement  of 
biochemical  properties  of  the  cells  and  their  extracellular  prod¬ 
ucts.  Those  components  generally  distributed  in  cells  are  utilized 
as  measures  of  biomass,  Components  restricted  to  subsets  of  the 
microbial  communities  can  be  utilized  to  deline  Ibc  community 
structure.  Tbe  concept  of  "signatures"  for  subsets  of  the  com¬ 
munity  based  on  the  limited  distribution  of  specific  components 
lias  been  validated  by  using  antibiotics  and  cultural  conditions 
to  manipulate  tbe  community  structure.  The  resulting  changes 
agreed  both  morphologically  and  biochemically  with  the  expected 
results  (While  et  al.  1980).  Other  validation  experiments  that 
involved  isolation  and  analysis  of  specific  organisms  and  linding 
them  in  appropriate  mixtures,  utilization  of  specific  inhibitors  and 
noting  tbe  response,  and  changes  in  the  local  environment  such  us 
the  light  intensity  are  summarized  in  a  review  (White  1983). 

I’hospholipids  are  found  in  the  membranes  of  all  cells.  Under 
the  conditions  expected  in  natural  communities  the  bacteria  con¬ 
tain  a  relatively  constant  proportion  of  their  biomass  us  phos¬ 
pholipids  (White  el  al.  1979c).  i’hospholipids  are  not  found  in 
storage  lipids  and  have  a  relatively  rapid  turnover  in  some  sedi¬ 
ments  so  the  assay  of  these  lipids  gives  a  measure  ofllie  "viable" 
cellular  biomass  (White  et  al.  1979b).  The  phosphate  ofllie  phos¬ 
pholipids  or  the  glycerol-phosphate  and  acid-labile  glycerol  Irnm 
phosphatidyl  glycerol-like  lipids  that  are  indicators  of  bacterial 
lipids  can  be  assayed  to  increase  the  specificity  and  sensitivity  of 
the  phospholipid  assay  (llchnm  and  White  1983). 

Tbe  ester-linked  fatty  acids  in  the  phospholipids  are  presently 
both  (lie  most  sensitive  and  the  most  useful  chemical  measures  of 
microbial  biomass  and  community  structure  thus  far  developed 
(llohhic  and  White  1980;  (Juckert  el  al.  I98.r»),  The  specification  of 
lady  acids  that  are  ester-linked  in  the  phospholipid  fraction  ofllie 
total  lipid  extract  greatly  increases  the  selectivity  ol  this  assay  as 
most  of  the  anlliro|Migenic  contaminants  as  well  as  the  endogenous 
storage  lipids  are  found  in  the  neutral  or  glycolipid  fractions  of  the 
lipids.  Ily  isolating  the  phospholipid  fraction  for  fatty  acid  analysis 
it  proved  possible  to  show  bacteria  in  the  sludge  of  crude  oil  tunks. 
Tbe  specificity  and  sensitivity  of  this  assay  has  been  greatly  in¬ 
creased  by  tbe  determination  of  the  configuration  and  position 
of  double  bounds  in  monoenoic  fatty  acids  (Nichols  et  al.  1985; 
Fdluud  et  al.  1985)  und  by  the  formation  of  electron  capturing 


derivatives  which  after  separation  by  capillary  GLC  can  be  de¬ 
tected  after,  chemical  ionization  mass  spectrometry  as  negative 
ions  at  femtomolar  sensitivities  tOdham  et  al.  1985).  This  makes 
possible  the  detection  of  specific  bacteria  in  the  range  of  10  to  100 
organisms.  Since  many  environments  such  as  marine  sediments 
often  yield  150  ester-linked  fatty  acids  derived  from  the  phospho¬ 
lipids,  a  single  assay  provides  a  large  amount  of  information. 
Combining  a  second  derivatization  of  the  fatty  acid  methyl  esters 
to  provide  information  on  the  configuration  and  localization  of 
the  double  bonds  in  monounsaturated  components  provides  even 
deeper  insight.  By  utilizing  fatty  acid  pattens  of  bacterial  mono¬ 
cultures,  M.vron  Sasser  of  the  University  of  Delaware  in  collabor¬ 
ation  with  Hewlett  Packard  has  been  able  to  distinguish  between 
over  SOI^strains  of  bacteria  (Sasser  1985).  Thus  analysis  of  the 
fatty  acids  can  provide  insight  into  the  community  structure  of 
•  microbial  consortia  as  well  as  an  estimate  of  the  biomass. 

Despite  the  fact  that  the  analysis  of  PLFA  cannot  provide  an 
exact  description  of  each  species  or  physiologic  type  of  microbes  in 
a  given  environment,  the  analysis  provides  a  quantitative  descrip- 
*  tion  of  the  inicrobiota  in  the  particular  environment  sampled. 
With  the  techniques  of  statistical  pattern  recognition  analysis  it  is 
possible  to  provide  a  quantitative  estimate  of  the  differences  be¬ 
tween  samples  with  PLFA  analysis.  For  example  it  proved  possible  , 
to  show  that  contamination  of  the  subsurface  aquifer  sediment  by  j 
creosote  waste  induced  shifts  in  the  microbial  community  struc-  ! 
ture  in  the  vadose  zone  (Smith  et  al.  1985). 

Potential  problems  with  defining  community  structure  by 
analysis  of  PLFA  come  with  the  shifts  in  fatty  acid  composition  of 
some  monocultures  with  changes  in  media  composition  or  temper¬ 
ature  (Lechevalier  1977)  some  of  which  were  defined  in  this  labo¬ 
ratory  (Joyce  et  al.  1970;  Frerman  and  White  1967;  Ray  et  al 
1971).  There  is  as  yet  little  published  evidence  for  such  shifts  in 
PLFA  in  nature  where  the  growth  conditions  that  allow  survival 
in  the  highly  competitive  microbial  consortia  would  be  expected  to 
severely  restrict  the  survival  of  specific  microbial  strains  to  much 
narrower  conditions  of  growth.  ! 

Analysis  of  other  components  of  the  phosholipid  fraction  give  ! 
insight  into  the  microbial  community  structure.  "Signatures"  i 
(components  restricted  to  subsets  of  the  microbial  community  1 
with  similar  physiological  functions)  for  some  of  the  microbial 
groups  involved  in  anaerobic  fermentations  have  been  developed. 
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The  rale  limit  ing  slop  in  formontal  ions  is  (  he  degradation  of  poly¬ 
mers.  A  second  tier  of  microbes  converts  the  carbohydrates  and 
amino  acids  released  from  I  he  hiopolymers  intoorganic  acids,  alco¬ 
hols,  hydrogen,  and  carlion  dioxide.  These  are  the  anaerobic  fer¬ 
menters  and  some  of  these  organisms  contain  plasma  logon  phos¬ 
pholipids  that  are  limited  to  (his  physiological  class  of  anaerobes 
in  the  microbial  world  (tioldfine  and  Hagen  19721.  I’lasma logons 
can  he  assayed  by  their  resistance  lo  alkaline  methaunlysis  and 
extreme  sensitivity  to  mild  acid  I  White  el  al.  1 97!  Ml  <  Xher  groups 
of  anaerobic  fermenters  contain  phosphosphiugolipids  with  un¬ 
usual  sphingosine  bases.  These  wore  detected  in  Hiuivroidvs  tltizza 
et  al.  1970).  Sphingosiites  are  readily  assayed  in  acid  hydrolysates 
of  the  polar  lipids  by  their  amino  groups  or  by  < SIX'  of  the  long 
chain  bases  (White  et.  al.  1909). 

I’hytanyl  glycerol  dielhers  found  in  the  Archaohnctcria  can  he 
assayed  by  high  pressure  liquid  chromatography  (Ill’Ll')  alter 
appropriate  dorivalizalion  (Mnrlz  et  al.  19H.'I).  <!.  Moncaso  in  this 
laboratory  has  improved  the  sensil  ivity  and  resolution  of  the  anal¬ 
ysis  of  the  diphylanylglycerol  oilier  lipids  of  the  molhanogenic 
bacteria  by  1 11*1X7.  She  has  also  been  able  Lo  show  the  presence  of 
isoprciiologues  of  I  he  aliphatic  side  chains  of  the  dielher  lipids 
using  highly  sensitive  tit ‘./MS  techniques  (Mnncuso  et  al.  1985). 

The  sulfate-reducing  bacteria  contain  lipids  which  can  be 
utilized  to  identify  at  least  a  |>orl.inn  of  this  class.  Some  contain  a 
unique  profile  of  branched  saturated  and  moiintuisalurnled  I'Ll1’ A 
<K<II1111<I  et  al.  19H5;  I’arkes  and  Taylor  1985;  Taylor  and  l’nrkes 
HIH.'II  that  allows  diUereutialiou  between  those  utilizing  lactate 
and  t  hose  using  acetate  and  higher  laity  acids.  Preliminary  analy¬ 
sis  of  sulfate-reducing  bacteria  by  N.  Dowling  of  this  laboratory 
strongly  suggesLs  that  tin;  majority  of  sulfate-reducing  bacteria 
found  in  marine  sediments  and  in  waters  used  in  the  secondary 
recovery  of  oil  are  t  he  acetate-ut  ilizing  strains.  These  organisms 
are  active  even  in  fenuenlat  ions  in  which  there  is  no  added  sulfate 
as  they  can  recycle  organic  sulfur  in  the  Iced-stock  (Smith  and 
Klug.  1981). 

from  the  residue  off  lie  lipid-extracted  hinfilm,  murninic  acid, 
a  unique  component  of  many  bacterial  cell  walls  can  lie  recovered 
( Kind  lay  et  al.  HIH.'I),  Muramic  acid  in  the  bacterial  cell  wall  exists 
in  a  1:1  molar  ratio  with  glucosamine.  Since  the  analysis  gives 
Ixilh  glucosamine  uud  muramic  acid  and  t  lie  chit  in  walls  of  many 
niicrocukuryolos  yield  glucosamine,  the  glucosamine  to  imirumic 
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acid  ratio  gives  insight  into  Hie  prokaryote  to  eukaryote  ratio. 
This  coinplenicnts  the  information  <lcvulo|>od  from  the  ester- 
linked  PLKA. 

(■rum-negative  bacteria  contain  distinctive  patterns  ot amide 
or  cslcr-linke<l  aliphatic  and  hydroxy  laity  acids  in  the  lipid  A  of 
their  lipopolysaccharide  wall  |iwlymers  (Parker  et  ai.  1982).  This 
has  proved  to  lie  an  extremely  valuable  assay  in  the  definition  of 
gram-negative  bacteria.  Willi  this  assay  it  is  possible  to  delect 
bacteria  in  mammalian  tissue  or  secretions  (Odltnin  el  al.  19851. 
(■ram-positive  bacteria  alien  contain  tciclioic  acid  |M>lymers  as  the 
substituted  poly-glycerol  or  ribitol  phosphate  esters.  Tciclioic  acid 
glycerol  and  ribilol  can  lie  released  specifically  by  hydrolysis  with 
cold  concentrated  hydrofluoric  acid  of  the  lipid  ext  racted  s<>dimcnl 
(Gehronetal.  1984 ).  With  this  assay  it  proved  |xissible  to  show  that 
contamination  of  subsurface  aquifer  sediments  induces  a  shift 
from  predominantly  gram-positive  to  gram-negative  based  on  the 
ratios  of  teichoic  acid  glycerol  to  phospholipid. 

The  methods  described  alaive  provide  insight  into  the  biomass 
and  community  structure  of  microbial  consortia  at  the  time  of  the 
analysis.  This  is  in  some  res|>ec<s  like  the  anatomy  of  a  higher 
organism — it  defines  the  potential  of  activities  |>ossihlc  for  this 
community.  Phospholipids,  adenosine  nucleotides,  mtiramic  acid, 
and  the  li|M)polysaccharide  of  dead  bacteria  are  rapidly  lost  from 
marine  sediments  (Davis  and  White  1980;  White  et  al.  1979b; 
1979d;  King  et  al.  1977;  Moriarly  1977;  Saddler  and  Wardlaw 
1980).  This  indicates  that  the  chemical  markers  provide  good 
estimates  for  the  standing  viable  or  potentially  viable  microbiola. 

Nutritional  Status 

The  nutritional  status  of  hiofilins  or  microbial  consortia  can  be 
estimated  by  monitoring  the  proportions  of  sfiecilic  endogenous 
storage  compounds  relative  to  the  cellular  biomass.  The  nutri¬ 
tional  status  of  niicrocuknryutes  (algae,  fungi,  or  protozoa)  in 
biofilms  can  be  monitored  by  measuring  the  ratio  of  triglyceride 
glycerol  to  the  cellular  biomass  ((Jehron  and  While  1982).  These 
microbes  form  triglyceride  when  excised  in  a  rich  medium  that  is 
lost  under  conditions  of  starvation.  With  this  assay  it  was  possible 
to  determine  thut  nmphi|Mids  existing  in  the  est  uary  at  the  Florida 
State  University  marine  laboratory  have  a  triglyceride  glycerol  to 
phospholipid  ratio  typical  of  starvation.  Toxicity  testing  with 
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Cites*-  ampliipods  should  la-  done  with  organisms  in  the  starving 
nutritional  slate  if  the  exposure  is  to  be  in  the  estuary. 

<  Vdam  hacteria  (dun  the  endogenous  lipi<l  I’ll  A  under  condi- 
linns  when  (he  organisms  can  accumulate  carbon  but  have  insu Ili¬ 
ac  id  total  nutrients  to  allow  growth  with  cell  division  (Nickels  et 
al  19791.  A  none  sensitive  assay  based  on  <  SIX  ’  of  the  components 
of  the  I’llA  polymer  demo  nsl  rated  -I  and  ft  carboa  3-0 II  acids  in 
(ln-s«;  polymers  (Findlay  and  While  HM.'lh).  The  sensitive  assay  of 
I’llA  has  proveil  a  useful  means  of  defining  I  he  nutritional  status 
of  stunt-  In-tcrolrophic  microhes  in  varituist-uviroinueutai  hahitats. 
The  epiphytic  mierohiola  on  st.-a  grass  hlatlt-s  has  a  very  high 
I’llA/phospholipiti  ratio  indicating  Dial  the  It.-a I  surface  is  tin  envi- 
ronmt-nl  where  the  nutrients  induce  unbalanced  growth  (Herron 
et  at.  t‘.l7Hi.  The  chelating  activity  of  the  tannin-rich  brown  runolT 
water  from  the  pint-  plantations  of  noil li  Florida  induces  rapid 
accumulation  of  |  *1 1 A  in  Die  estuarine  tletrilal  mierohiola  attached 
(o  oak  leaves  (Nickels  et  al.  19791.  Kt-renl  ly  it  lias  been  possible  to 
study  Die  i  liizosphereol  Ihe  rape  plane  Hmssint  iw/iuxlh  ).  Macle- 
ria  isolalt-tl  from  the  roots  when  added  to  slcrilc  soil  and  recovered 
show  active  formation  of  signature  phospholipid  fatty  acids 
il'I.FADiul  no  formation  of  I’llA.  These  organisms  recovered  from 
rhizospht-rt-  show  less  growth  and  large  amuunls  ol  I’llA  when 
compared  to  I  hose  attached  to  the  roots  (Tiinlfd  et  ul.  1985b). 
Uurontaminated  suhsurfaet*  aquifer  setliiiieiils  show  a  mierohiola 
with  high  levels  uf  I’llA  relative  to  Ihe  phospholipids  (White  cl  al. 
1933).  t'oiitauiiiialion  of  the  .suhsurfaet-  sediments  with  aromatic 
phenols  induces  bacterial  growth  in  the  vatltise  zone  with  a  de- 
c reuse  in  the  rale  of'  I’llA  biosynthesis  (Smith  et  al.  1985).  The 
ratio  ol  (he  rale  of  format  inti  tiflM.FA  to  I’ll  A  from  1  V. -acetate  has 
liet-ii  shown  hi  lie  an  extraordinarily  sensitive  measure  of  the 
nutrient  environment  in  the  bacterial  habitat  (Findlay  and  While 
I9H-1;  Findlay  et  al.  19851.  With  this  measure  it  proved  possible  to 
detect  I  lie  cllecl.s  of  raking  intertidal  sediments  with  a  garden  rake 
prior  to  measuring  the  rates  of  incorporation  of  ’''('-acetate  into 
I’l-FA  and  I’llA  if  the  isotope  was  carefully  injected  into  cores  of 
sediment .  Other  commonly  utilized  met  boils  of  measuring  activity 
by  forming  slurries  or  filtering  Ihe  isotopirnDy  lalieled  precursor 
through  the  cole  completely  obscured  Die  effects  of  the  raking. 
Measuring  the  ratio  of  incor|ioratioti  rales  greatly  inert-uses  sensi¬ 
tivity  ami  allows  measurement  of  Die  "disturbance  artifact.”  in¬ 
volved  in  the  applicat  ion  uf  lalieled  precursors  to  highly  stratified 
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environments  such  as  sediments  ( Findlay  et  ol  I  9H.rii  In  his  Ph.U. 
studies  It. II.  Findlay  showed  n  hierarchy  ordistiirhance  in  a  tidal 
sand  bar.  The  undisturbed  sediment  showed  the  smallest  values 
for  the  ratio  of  incorporation  into  PLFA/PIIA.  Increasing  ratios 
based  on  the  greater  synthesis  of  PI, FA  (cellular  growth)  and 
lesser  formation  of  I’ll  A  (carbon  accumulation)  lor  sands  were 
found  in  the  course  of  sand  dollar  feeding  and  hioturhation,  and 
bioturbation  in  sling  ray  feeding  pits.  A  still  higher  ratio  was 
found  in  areas  subjected  to  wind  and  tide  disturbance.  The  highest 
ratio  was  found  in  the  sediments  slurried  in  the  usual  met  hod  of 
measuring  microbial  act  ivities.  Similar  findings  of  increased  rates 
of  PI, FA  synthesis  have  been  detected  with  disturbance  of  strati¬ 
fied  sediments  by  measuring  the  incorporation  of  1 1 *< )  a  into 
phospholipids  tMoriarly  el  al.  I98,r«i. 

We  have  also  developed  assays  for  extracellular  polysaccha¬ 
ride  glycocalyx  based  on  the  specific  content  of  uranic  acids  t  Fazio 
et  al.  1982).  This  assay  has  been  utilized  to  show  t  hat  poor  growl  h 
conditions  stimulate  the  formation  of  u runic  acid  containing  ex¬ 
opolymers  by  a  marine  /'.sem/oniomix  (■'. Ihlingcr  and  While  !9H;i). 
Uncontaminated  subsurface  aquifer  sediments  contain  min  nhioln 
with  very  high  levels  of  extracellular  polysaccharides  indicating 
poor  nutrient,  conditions  (While  el  al.  198.1)  The  microlouling 
community  formed  on  metal  surfaces  exposed  to  rapidly  Mowing 
seawater  shows  a  rapid  accumulation  of  uranic  acid  containing 
extracellular  glycocalyx  as  a  response  to  mechanical  or  chemical 
countermeasures  (Nickels  et  al.  1981a:  1981c;  White  and  Itenson 
1984).  Preliminary  evidence  indicates  that  these  polymers  have  a 
role-iu  increasing  murine  sediment  stability  (Nowell  et  al.  I98f>). 

Metabolic  Activity 

The  analyses  described  above  all  involve  the  isolation  of  compo¬ 
nents  of  microbial  consortia.  Since  each  of  the  components  are 
isolated,  the  incor|Miration  of  labeled  isotopes  from  precursors  can 
lie  utilized  to  provide  rales  of  synthesis  of  turnover  in  properly 
designed  experiments.  Measurements  of  the  rales  of  synthesis  of 
UNA  with  'll  -  thymidine  provide  an  estimate  ol  the  rates  ol 
hetcrolrophic  bacterial  growth  ifcarc  is  taken  to  ut  ilize  only  short 
incuhulion  times,  if  isotope  dilution  is  utilized  to  estimate  precur¬ 
sor  concentration,  ami  if  UNA  is  purified  prior  to  measurement 
(Moriarty  und  Pollard  1982).  Incorporation  of  ,r'S-sulfate  into 
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snlfolipid  ran  lie  utilized  (n  measure  activity  in  (he  microeuk¬ 
aryotes  (While  et  al.  1980:  Monarty  c(  al.  1985).  Incorporation  of 
II  ,,'I,()I  into  phospholipids  ran  he  utilized  as  a  measure  of  the 
activity  of  the  total  mirohiota.  The  iuhihil  ion  of  phospholipid  syn¬ 
thesis  in  the  presence  of  cychilieximide  represents  the  microeu- 
karvote  portion  oft  In*  lipid  synthesis  (White  et  al..  1980;  Moriarty 
et  al.  I985>.  Measurement  of  rales  of  synthesis  and  turnover  of 
hoth  carhon  and  phosphate  in  individual  phospholipids  showed 
ditterenl  turnover  for  the  various  lipids.  (Jlycerol  pliosphoryl- 
glycerol  derived  from  phosphatidyl  glycerol  showed  rates  of  loss 
suggesting  (hat  the  most  rapid  rates  of  growth  of  the  detrilal 
microhiola  wen*  of  the  order  of  100  hours  (King  et  al.  1977). 
(Jlycerol  pliosphoiylclioline  derived  from  phosphatidyl  choline 
showed  extremely  slow  turnover  in  the  detrital  m.icrnbiola  alter 
pulse  chase  exposure  to  1 '(’-labeled  preeiirsors.  (hazing  by  nm- 
plupo<ls  markedly  increased  the  loss  of  1  '( '-glycerol  phosphoryl- 
eholine  providing  a  quant itat ive  estimate  of  grazing  pressure 
< Morrison  and  While  1980) 

Analysis  of  signatures  hy  (JC/MS  makes  possible  the  utiliza¬ 
tion  of  mass  labeled  precursors  that  are  non-radioaclive,  have 
specific  activities  approaching  I00T  ,  including  isotopic  marker  lor 
nitrogen,  and  can  la*  efficiently  detected  using  (he  selective  ion 
mode  in  mass  spectroscopy.  The  high  specific  activity  makes  possi¬ 
ble  (he  assay  of  critical  react  ions  using  subst  rale  concent  rations  in 
(he  hiulfdms  that  are  pisl  above  the  natural  levels.  This  is  not 
possible  with  radioactive  precursors.  Improvements  in  analytical 
techniques  have  increased  Ihe  sensitivity  of  this  analysis.  Utiliz¬ 
ing  a  chiral  derivative  and  (used  silica  capillary  ( JI.U  with  chemi¬ 
cal  ionization  and  negative  ion  detection  ol  selected  inns,  it  proved 
possible  to  del  eel  8pg  1 90  lent  (nmoles  I  ot  I )- alanine  from  the  bacte¬ 
rial  cell  wall  (the  equivalent  of  I  O'*  bacteria  the  size  of  Iv  coli 
(Tunlid  et  al.  1985a).  In  this  analysis  it  proved  possible  to  repro- 
ducihly  detect  a  I  'A  enrichment  of  1  ’N-D-alnnine  in  the  HN-I)- 
alauine. 


Detection  of  effects  on  Microbial  Consortia 

The  chemical  methods  for  defining  biomass,  community  struct  tire, 
nutritional  status  and  metabolic  act  ivit  ies  described  above  can  be 
ill ilized  to  detect  the  cHrcts  of  various  disl ui  bances  on  microbial 
consortia  in  Ihe  environment. 
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With  these  teclmi(|ues  it  hits  lieen  possible  to  show  succession 
in  marine  biofouling  films  (Morrison  et  nl.  I!l77;  Nickels  et  al. 
1981a),  the  effects  of  substratum  hiodcgrudnhilily  lltohhie  et 
al.  1978),  the  ellects  of  substratum  micrntu|xdogy  (Nickels  el  al. 
I98lh),  the  ellects  of  mechanical  <lis(urhance  (Nickels  et  al. 
1981c),  the  eller ts  of  aui|ihi|ioil  grazing  and  resource  partitioning 
(Morrison  and  White  1980;  Smith  et  al.  I982a>.  the  ellects  of  sand 
dollar  biolurhalion  and  predation  (Findlay  and  White  198:1a),  the 
ellects  of  essential  elemental  chelation  (Nickels  el  al.  1979).  and 
the  effects  of  light  (Unhide  el  al.  198)1  on  microbial  consortia. 

In  experiments  utilizing  an  inoculum  from  marine  sediments 
it  was  proved  |xissihlc  to  manipulate  the  community  st  ructure  of 
the  benthic  micrnhinta  by  shill  ing  from  aerobic  to  anaerobic  condi¬ 
tions  ((tuckerl  et  al.  1985).  The  fatty  acid  profiles  of  independent 
flasks  showed  reproducible  shifts  when  manipulated  identically 
and  significant  differences  when  manipulated  with  different  treat¬ 
ments.  The  absence  of  long  chain  |xdycnnic  fatty  acids  indicated 
the  communities  were  predominantly  prokaryotic  and  the  differ¬ 
ences  in  the  phospholipid  ester-linked  fatty  acids  were  primarily 
in  the  pro|H»rlinns  of  cyclopropane  laity  acids  and  the  pro|M>rlions 
and  geometry  id'  Ihe  monounsat united  fatty  acids. 

in  similar  experiments  a  subsurface  sediment,  inoculum  was 
grown  through  two  cycles  of  aerobic  growth  and  compared  to  or¬ 
ganisms  from  the  same  inoculum  grown  through  two  cycles  of 
unucrohic  growth  with  no  supplement,  or  with  sulfate  or  nitrate 
(I).  Hedrick  unpublished).  Again  there  were  reproducible  shifts  in 
the  microbial  community  structure  as  reflected  in  the  profiles  of 
ester-linked  phospholipid  fatty  acids.  Hedrick  also  developed  a 
sensitive  assay  for  Ihe  respiratory  ipii nones  from  subsurface  sam¬ 
ples  utilizing  I  ll’I.C  with  electrochemical  detection.  Iten/.ixpiinonc 
isoprenologues  are  formed  by  microbes  grown  with  high  (xitenlial 
terminal  electron  acceptors  such  as  oxygen  or  nitrate  (Hollander  el 
al.  1977).  NnphlluKgiinnucs  are  formed  by  bacteria  with  respira¬ 
tory  systems  with  various  |x>tcutial  terminal  electron  acceptors. 
As  might  have  Ix-eu  predicted,  t  he  aerobic  culture  formed  the  most 
benzoquinonc  relative  to  naphthoquinone,  the  nitrate  supple¬ 
mented  anaerobic  culture  formed  less  heu/.<x|uinone,  Ihe  sulfate 
supplemented  culture  formed  still  less  ben7.<x|uinone,  and  the  an¬ 
aerobic  fermentation  formed  the  least. 

The  biomass,  community  structure,  and  metabolic  activity  in 
the  subsurface  aquifer  microhiota  that  resulted  from  conlamina- 
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lion  by  improper  disposal  of creosote  wastes  all  showe<l  significant 
changes  (Sniilli  el  al.  I Exposure  lo  xonoliiotics  in  (lie  up/I 
ran  per  markedly  iulluenced  the  colonization  of  azoic  marine  sands 
in  experiments  desipned  to  test  the  response  to  biocides  in  oil  and 
pas  well  drillinp  muds  (Smith  el  at.  li)H2h).  These  methods  can  be 
utilized  with  animals.  The  reef-building  rural  Montastrca  an¬ 
nularis  showed  dose-response  related  shills  in  amino  acid  pools,  a 
drop  in  total  phospholipid  content,  a  shill  from  saturated  (n  poly¬ 
unsaturated  tally  acids,  a  loss  ot  triglycerides,  and  an  increase  in 
phospholipid  tally  acids  characteristic  ot  bacterial  inlcclions  on 
exposure  to  parts  |ier  million  levels  ot  oil  and  pas  well-drillinp 
muds  ( I’arker  ct  al.  IftH-fi. 

It  has  been  postulated  for  a  loop  time  that  chanpes  in  rates  ol 
predation  al  the  top  ot  estuarine  food  chains  would  reverberate 
through  the  various  trophic  stapes  and  finally  altccl  the  micro- 
biota  at  its  base.  After  developing  methods  lor  preserving  sedi¬ 
ment  samples  (Kederle  and  White  I9B2)  and  sampling  strategies 
for  mud  Hats  ll'ederle  et  al.  IDHda*  it  was  possible  to  show  statisti¬ 
cally  significant  differences  in  the  community  structure  ol  the 
sedimentary  microbiota  by  eliminating  predation  by  the  crabs  and 
fish  at  the  top  of  the  food  chain  with  properly  designed  caging 
experiments  lEederle  el  al.  IIIHdhl  These  experiments  also  showed 
significant  differences  in  the  Imnf  hie  microbiota  between  continu¬ 
ous  predation  (crabs  and  fish  caged  inside)  and  the  random  preda¬ 
tion  of  control  areas.  With  the  same  type  of  technology  it  was 
IMi.ssible  to  validate  microcosms  meant  to  mimic  the  estuarine 
waters  nearby.  The  laboratory  microcosms  showed  microbial  bio¬ 
mass  and  community  si  met  ores  that  were  delectably  different  but 
the  degree  of  difference  was  not  large  ami  did  mil  increase  with 
time  when  compared  to  the  field  in  the  system  taken  I mm  a 
shallow,  turbid,  highly  disturbed  bay  that  is  enriched  by  riverine 
runoff  and  is  characterized  by  low  macroscopic  species  diversity 
and  high  biomass.  Microcosms  prepared  from  a  more  stable,  higher 
salinity,  system  with  a  much  more  diverse  macroscopic  commu¬ 
nity  that  is  controlled  by  epibenthic  predators  showed  a  great 
difference  from  the  field  site.  The  differences  between  the  micro¬ 
cosms  in  the  Inltornlory  and  the  field  site  increased  drastically 
with  time  in  this  system  t Eederle  et  al.  Ii)8(i(. 

The  methods  based  on  quantitative  analysis  of  com(M»nenls  of 
the  microbiota  and  its  extracellular  polymers  show  responses  to  a 
variety  of  anthropogenic  and  natural  perturbations  clearly  work 
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but  they  are  not  the  solution.  To  truly  understand  the  interactions 
of  microbial  consortia  the  analysis  should  he  non-destructive,  sen¬ 
sitive  and  continuous  as  well  as  have  the  resolution  on  the  scale  of' 
micrometers — the  sizes  of  microbial  consortia  themselves.  Is  such 
a  technique  available?  Possibly  .  .  . 

The  Solution 

The  analysis  of  biofiltns  based  on  the  isolation  of  chemical  signa¬ 
tures  is  a  destructive  analysis  and  cannot  he  readily  automated  or 
utilized  to  Rive  real-time  monitoring  of  budilins.  The  (mssibility  of 
utilizing  a  non-destructive  technique  to  monitor  the  chemistry  of 
living  biofilms  is  now  |>ossihlc  with  the  Fourier  transforming  in¬ 
frared  spectrometer  l  FT/lll). 

The  infrared  portion  of  the  spec!  rum  is  extraordinarily  rich  in 
information  regarding  the  vibrational  ami  rotational  motions  of 
atoms  in  molecules.  Not  only  can  siiecilic  infrared  absorption  be 
assigned  to  particular  types  of  covalent  lionds  but  the  modilirn- 
tions  of  these  bonds  by  the  local  electronic  environment  can  be 
delected  in  the  details  oflhe  spectra  (ilellaniy  I  !>r»H;  Parker  l!»7l  I. 
The  infrared  spectrum  of  a  coni|>ound  has  long  liecn  accepted  as 
one  of  the  best  nondestruct  ive  identification  techniques. 

One  of  the  problems  restricting  the  application  of  infrared 
spectroscopy  has  I  teen  that  the  atomic  interactions  sensed  in  the 
infrared  portion  of  the  spectrum  are  at  relatively  low  energies  and 
the  detection  is  relatively  inefficient.  This  has  precluded  the  lull 
usageofthe  power  oflhe  analysis  using  complex  materials  isolated 
from  the  environment. 

The  advent  of  last  computers  has  made  possible  a  new  type  of 
infrared  spectral  analysis.  This  has  provided  the  technology  to 
utilize  the  far  infrared  |Mirl.ions  of  the  spectrum,  to  billow  rapid 
reaction  rates  with  changes  in  s|>eclrnl  intensity,  and  to  utilize 
different  types  of  sample  ex|tosurc8  such  as  pholoacoustic  s|»ect  rns- 
copy.  The  secret  lies  in  the  array  processor  computers  that  can 
perform  Fourier  transformations  so  rupidly  that  interference  spec¬ 
troscopy  can  he  possible. 

The  FT/IIl  has  several  advantages  over  conventional  IK  spec¬ 
troscopy: 

I.  The  Fellgett  advantage  results  from  the  fact  that  the  entire 
spectrum  passes  through  the  sample  during  the  entire  unalyl  ieal 
interval.  The  spectrum  is  generated  by  the  interference  between 


one'  portion  of  a  split  bean 
from  a  vibrating  mirror, 
allowed  Ueiinpinge  on  the 
interval.  Conventional  s 
scans  the  sample  with  a 
ments  the  signal  from  eac 
small  portion  of  Che  anal> 
ues  to  ImfUMiffitr1  thron 
the  FT/IR  lioth  the  signal 
cul  interwl.  Under  the  a 
entire  spectrum,  during  tl 
a  ted,  the  random  noise  of 
quadruplingVhe  number  i 

2.  In  thelhroughput 
lizes  the  wholes  beam.  Ci 
narrow  slit  of  light  on  the 
cal  beam.  Thusbnly  n  s 
monochromator  Autiliz 
lhroughnot^>f  the  FT/lll  n 
and  IhusVa  sifteUw  porlin 

The  combination  or  tl 
the  FT/ 1 lllgives  an  incrc 
mid-ill  speqtral  range  of: 
1983).  \ 

3.  The  signal  genera 
ally  produced  fh  the  time  • 
fre<|uency  spac&in  which 

Fouriep^ransformation.  /* 
lion  of Viubderence  spec!  i 

puters.V  isaHumly  an  ad 
space  arli  in  general  exp 
terms  of  shies  and  phase 
behaved,  lArnple  mathem 
space  can  w  utilized  to 
a  pod  Motion  dtc.  that  won  I 
ulalidn^n  fluency  sp. 

4 \  FotHhfe  interfcroi 
frequency  domains  the  i 
achieveauising  equal  int« 
sinusoidal  interferogran 
part  of  theVmirrors.  The  i 


KNVIHONMKNTAI.  I-.I  KKI  "IS  TKSTINC  II V  KT/I  It/329 

one  |M)i  t  ion  of  n  split  beam  Hint  is  "relanled"  in  Unit  it  is  ivlli'cU.'d 
from  a  vibrating  mirror.  In  this  way  the  entire  iiiterlorngram  is 
allowed  to  impinge  on  the  sample  throughout  the  entire  analytical 
interval.  Conventional  spectrophotometers  create  a  beam  that 
scans  the  sample  with  a  series  of  wavelengths.  In  these  instru¬ 
ments  the  signal  from  each  wavelength  interval  occurs  lor  only  a 
small  |sirtion  of  the  analytical  interval  whereas  the  noise  contin¬ 
ues  to  he  generated  throughout,  the  entire  analytical  interval.  In 
the  FT/I  It  I  mill  the  signal  and  the  noise  occupy  the  entire  analyti¬ 
cal  interval.  Under  the  conditions  of  continuous  analysis  hy  the 
entire  s|>eclruin,  during  the  lime  a  signal  of  amplitude  n  is  gener¬ 
ated,  the  random  noise  of  n,/2  is  also  generated.  This  means  that 
quadrupling  the  numlier  of  scans  doubles  the  signal  to  noise  ratio. 

2.  In  the  throughput  or  Jacquinnt  advantage  the  FT/IK  uti¬ 
lizes  the  whole  lieam.  Conventional  spectrophotometers  locus  a 
narrow  slit  of  light  on  the  diffracting  engine  to  create  the  analyti¬ 
cal  lieam.  Thus  only  a  small  portion  of  the  light  entering  the 
monochromator  is  utilizer!  in  the  analytical  lieam.  The  high 
throughput  of  the  FT/I It  means  that  a  smaller  beam  can  lie  utilized 
and  thus  a  smaller  portion  of  the  sample  can  lie  analyzed 

The  combination  of  the  Kellgett  and  dnequinot  advantages  in 
the  HT/llt  gives  an  increase  in  the  signal  to  noise  ratio  in  the 
inid-llt  spectral  range  of  2.4  orders  of  magnitude  (CrdUths  1975; 
19831. 

3.  The  signal  generated  hy  the  HT/llt  int.erferogram  is  actu¬ 
ally  produced  in  the  lime  domain.  To  transform  the  signal  into  the 
frequency  space  in  which  s|»ectra  are  usually  perceived  requires  a 
Fourier  transformation.  Although  this  step  prevented  the  utiliza¬ 
tion  of  interference  s|iectroscopy  until  the  advent  of  modern  com¬ 
puters,  it  is  actually  an  advantage.  Since  data  described  in  Fourier 
space  are  in- general  expressed  as  successive  approximations  in 
terms  of  sines  and  phase  (cosines)  which  are  mathematically  well 
behaved,  simple  mathematical  manipulations  on  data  in  Fourier 
space  can  Is?  utilized  to  correct  lor  baseline  shills,  overlapping, 
n|>odizulion  etc.  that  would  require  complex  mathematical  manip¬ 
ulations  in  frequency  space  if  they  were  even  possible. 

4.  For  the  interferngrnms  to  he  transformed  from  Fourier  to 
frequency  domains  the  signal  is  digitized.  This  digitization  is 
achieved  using  equal  intervals  of  optical  path  difference  using  the 
sinusoidal  iuterferogrum  from  a  laser  beam  focused  on  another 
part  of  the  mirrors.  The  interferogram  is  digitized  once  per  wave- 
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length  of  the  laser  inlerferogritm  al  llu*  zero  crossing  which  gives 
an  extraordinary  spectral  resolution.  Our  inslruiuent  provides  a 
spectral  resolution  that  is  continuously  variable  between  100 
cm'1  and  0.25  cm  V  The  best  conventional  lit  spectrometers 
formerly  gave  resolutions  of  about  f»  cm  '.  The  extremely  high 
resolution  greutly  increases  the  information  content  of  the  spectra. 

5.  Since  a  large  capacity  computer  is  required  to  transform 
the  signals  this  computer  can  also  he  utilized  to  manipulate  the 
signals.  The  generation  ofdilference  spectra  by  elect  ronically  sub¬ 
tracting  before  ami  alter  treatments  allows  small  differences  to  be 
detected.  These  small  differences  con  lie  further  increased  by  plot¬ 
ting  derivatives  of  Lhc  spectra. 

6.  The  high  capacity  of  the  array  processors  allow  for  64,000 
Fourier  transforins/sccond.  This  makes  possible  the  online  moni¬ 
toring  of  successive  scans,  'flic  computer  can  lie  programmed  to 
discard  scans  that  are  outside  s|ieci!ic  limits  set  by  the  spcctrosco- 
pist.  This  facilitates  the  use  of  repetitive  scunning  that  greutly 
increases  the  sensitivity  of  analyses. 

7.  The  high  signal  to  noise  ratio  allows  measurement  in  the 
far  infrared  region  (1000-  10  cm  *).  The  weak  vibrations  that 
involve  heavy  metallic  atoms  can  now  Ite  included  in  the  spectra. 

A  summary  of  the  use  of  FT/llt  in  microbial  ecology  has  been 
published  (Nichols  el  al.  l‘IH5b).The  FT/llt  examination  by  diffuse 
reflectance  (l)KIFT)  of  freeze-dried,  powered  bacterial  monocul¬ 
tures  shows  two  major  groups.  The  first  group  is  characterized  by  a 
dominant  amide  I  (between  1090  and  1650  cm  'l  and  amide  II 
(1550  cm"')  hands  found  in  Escherichia  coll,  Pseudomonas  fluor- 
escens,  Desulfovibrio  gigas,  StaphylmiH-cus  aureus.  Clostridium 
perfringens,  Methylohacterium  organophdium,  and  Methylosinus 
trichosporium  (both  the  hitter  grown  on  methane).  Subtle  varia¬ 
tions  in  peak  ratios  of  Severn  I  groups  could  be  utilized  to  differenti¬ 
ate  between  the  different  8|>ecies.  The  second  major  group  of  orga  n- 
isms  contained  an  enlarged  carbonyl  band  at  1740  cm  '.  This 
group  included  Hacillussubtilis,  Mcthylobactcrium  organophiliuni 
(grown  on'methnnolt,  and  Nitrobactcr  ivinogradshyi.  These  find¬ 
ings  together  with  the  powerful  technique  of  subtraction  of  one 
spectrum  from  another  suggest  that  DRIFT  could  be  utilized  to 
recognize  differences  in  community  structure.  Preliminary  experi¬ 
ments  indicate  that  examination  of  planktonic  microbiola  on  pre¬ 
extracted  filters  by  Dill  FT  cun  lie  correlated  with  u  detailed  exami¬ 
nation  of  the  lipid  content. 
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Two  measures  have  been  identified  as  markers  lor  the  micro- 
trial  nutritional  status.  The  formation  of  I'll  A  and  the  urouic 
acid-containing  exo|Kdysuccharidc  glycocalyx  are  responses  to  nu¬ 
tritional  stress  by  bacteria.  Moth  |mly  mors  can  he  detected  with  the 
PlVIlt.  The  polymers,  such  as  gum  araltic  like  the  glycocalyx  pro- 
duced  try  /’.  ntlantlcu  show  a  prominent  absorbance  at  1150 
cm  1  for  (’  <)  stretch,  'die  logarithm  of  the  ratio  absorbance  at 
(*  <)  stretch  to  amide  I  (jives  an  excellent  correlation  with  mix¬ 
tures  of  E.  roll  and  gum  arahict  Nichols  el  al.  1085b).  This  analysis 
replaces  a  three  week  chemical  lour-do-force  involving  (it  VMS  in 
the  analysis  of  bacterial  glycocalyx.  The  I  Mil  PI'  spectrum  of  K.  roli 
plus  gum  undue,  and  of/*,  uttantira  induced  In  limn  |>olysuccharidc 
(jlycocalyx  are  similar  in  appearance.  Accumulations  of  I'll  A  in 
bacteria  or  artificial  mixtures  of  bacteria  plus  purified  I 'I  I A  show  a 
linear  correlation  with  the  ratio  of  the  carltonyl  stretch  at  1750 
cm  1  to  amide  I.  t  Jsiii(j  Ihese  recombination  experiments  as  mod¬ 
els,  ilproved  |K»ssihle  to  show  I  IK  I  PI*  shills  in  1*1 1 A  and  ((lycocalyx 
in  the  hiolilms  formed  in  anaerobic  fermenters  that  were  supple¬ 
mented  with  various  amendments.  For  example  amendments  wit  h 
propionate  or  butyrate  showed  similar  hiolilms  compared  with 
the  unsuppleinented  or  the  biolilin  of  the  digester  amended  with 
nitrate. 

The  attenuated  total  rellectance  cell  t  ATIl)  makes  imssihle  t  he 
examination  of  living  hiolilms.  The  PI7I  It  can  detect  the  vibration- 
rotation  interact  ions  of  hiolilms  uIkiuI  500  um  outside  the  surface 
of  the  germanium  crystal  used  in  the  ATK  cell.  With  this  system  it 
has  proved  possible  to  show  that,  the  carlsdiydrate  rich  initial 
fouling  |Ktlymer  coats  the  germanium  surface  exposed  to  sterile 
seawater  in  about  15  hours  (.1.  (luckert  of  this  laboratory).  A 
similar  system  has  liecn  utilized  to  follow  the  clotting  seipience  on 
various  plastics  inserted  into  the  blood  stream  of  living  sheep 
((icndrcau  and  Jakohsen  I07H).  This  is  clearly  the  way  to  follow 
hiofilm  formation  and  |>ossihly  to  potentially  monitor  fermenta¬ 
tions  continuously.  Not  only  is  (he  PlVIlt  non-destructive,  rapid 
.  •  and  sensitive  hut  it  is  possible  to  decrease  the  beam  size  to  diame¬ 
ters  approaching  10  um  which  is  the  scale  of  the  microbial  interac¬ 
tions  that  must  lie  monitored.  Decreasing  the  area  lor  analysis 
requires  that  longer  analysis  limes  be  utilized  to  achieve  the  same 
sensitivity. 

With  the  DltlPP  analysis  it  proved  possible  to  demonstrate 
the  reversible  facilitation  of  corrosion  of  501  stainless  steel  by  the 
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non-sulfate  reducing  marine  bacterium  Vibrio  natrtcf>rnx  and  ils 
extracellular  material  on  the  surface  (Nivens  et  al.  l!)H.r>l.  There 
was  15-fold  increase  in  the  corrosion  current  density  measured 
electrochcmicnlly  from  the  Tafcl  constants  and  itnlarizalion  resis¬ 
tance  that  correlated  with  the  colonization  of  the  stainless  steel 
disks  by  niicrocolonies  of  the  bacteria.  The  colonization  of  flu* 
metal  surface  was  detected  both  by  direct  microscopy  after  stain¬ 
ing  and  epifluorescenl  illumination,  scanning  electron  micros¬ 
copy,  and  by  an  increase  in  the  DltlKT  absorbance  al  the  amide  I 
area  centered  at  I <><>()  cm  1  correspond mg  to  the  bacterial  pro¬ 
tein.  Muximum  rates  of  corrosion  were  associated  with  the  appear¬ 
ance  of  extracellular  material  with  a  sfteclral  maximum  centered 
at  '1440  cm  1  similar  to  calcium  hydroxide.  Itcinoving  the 
biofilm,  particularly  the  calcium  hydroxide  with  its  absorption  at 
~  '1440  cm  ‘,  decreased  the  corrosion  current  density  10-fold.  In 
this  instance  both  the  presence  of  a  non-sulfate  reducing  bacterium 
and  its  extracellular  products  reversibly  facilitated  corrosion  of 
stainless  steel  in  seawater. 

Development  of  the  KT/IK  offers  a  |>otentially  rapid  and  non¬ 
destructive  method  to  examine  the  effects  of  toxicants  on  hiolilms 
on  the  scale  of  the  microbial  consortia.  The  continued  development 
of  destructive  analytical  methods  can  be  the  essential  validation 
for  IK  signatures. 


Thin  research  wns  siip|x>rlcd  by  griintsttCE  SO  19767  from  I  tie  Biologiml  I  tcemi- 
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1.  SUMMARY 

The  polar  lipids  of  5  species  of  Thiobacillus 
were  extracted  and  purified.  An  analysis  of  the 
fatty  acid  composition  of  the  polar  lipids  docu¬ 
mented  the  presence  of  methoxy,  cyclopropyl, 
monounsaturated  and  hydroxycyclopropyl  fatty 
acids  of  sufficiently  unusual  structure  to  serve  as 
'signatures'  for  the  presence  of  these  organisms  in 
environmental  samples.  The  structures  of  the  un¬ 
usual  fatty  acids  of  the  polar  lipids  were  con¬ 
firmed  by  mass  spectrometry  (MS)  after  isolation 
by  capillary  gas  chromatography  (GC). 

2.  INTRODUCTION 

The  thiobacilli  form  a  group  of  acid-producing, 
aerobic.  Gram-negative  bacilli  with  varying  nulri- 


*  To  whom  correspondence  should  be  addressed. 


tional  requirements.  Reduced  sulfur  (elemental 
sulfur,  hydrogen  sulfide,  or  thiosulfate)  is  the 
characteristic  substrate  Tor  oxidation  by  these 
organisms,  which  produce  sulfuric  acid  as  a 
metabolic  end-product.  These  bacteria  have  the 
ability  to  survive  external  pH  values  between  I 
and  4.  Their  acid  production  has  been  cited  as  a 
mechanism  in  the  biodeterioration  of  concrete 
sewers  |1|  and  utilized  commercially  in  the  re¬ 
covery  of  metals  from  leach  fields  [2|.  In  both  of 
these  areas  the  quantitation  of  the  role  of  thioba¬ 
cilli  in  the  environment,  by  analysis  of  a  parame¬ 
ter  which  could  be  related  to  bacterial  numbers, 
would  be  a  useful  measure  and  might  replace 
time-consuming  and  often  unreliable  cultural  enu¬ 
meration  techniques.  Analyses  of  the  membrane 
falty  acids  indicated  that  unusual  fatty  acids  and 
ubiquinones  were  present  (3-7)  and  those  find¬ 
ings.  at  least  in  principle,  suggested  that  mem¬ 
brane  fatty  acids  could  be  used  as  quantitative 
signatures  for  the  thiobacilli. 
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In  this  study  'unusual'  fatty  acids  in  the  polar 
lipids  were  detected.  These  polar  lipid  falls  acids 
(PLFA)  are  sufficiently  unusual  to  he  utilized  as 
'signature'  patterns  for  the  group  as  a  whole. 
Preliminary  examination  of  the  PLFA  of  5  species 
of  acid-producing  thiohacilli  suggests  that  patterns 
of  PLFA  could  he  used  to  define  the  species.  The 
PLFA  pattern  shifts  svith  culture  age.  The  propor¬ 
tions  of  'unusual'  PLFA  such  as  the  hranched- 
cyclopropane.  methoxy.  and  mid-chain  branched 
acids  accumulate  with  time. 


3.  MATERIALS  AND  METHODS 

3.1.  Materials 

Solvents  were  distilled  in  glass  and  were  of 
residue  analysis  grade  or  better  (Maker  Phillips- 
burg.  NJ).  Standards  and  derivatizing  agents  were 
purchased  front  Supelco  (Bellefonte.  PA).  Applied 
Science  (Stale  College.  PA).  Aldrich  (Milwaukee. 
Wl).  Sigma  (St.  Louis.  MO),  and  Pierce  (Rock¬ 
ford.  IL). 

3.2.  Organisms  and  cult  lira/  conditions 
ThiohaciUus  thiooxtdans  ATCC19377  was  grown 

in  modified  Starkey's  medium  |8|  at  25°C  on  a 
rotary  shaker.  The  medium  contained  KM,P04. 
3.0  g.  (NIIJ2S04.  3.0  g:  MgS()4  7H;C).  0.5  g: 
CaClj  2H,0.  0.5  g;  Na,S,G,  711,0.  10.0  g:  with 
I  ml  trace  elements  [9|  per  1.  The  final  pll  was  3.5 
after  adjustment  with  sulfuric  acid.  Organisms 
were  harvested  in  late  stationary  phase. 

T.  thiooxiduns  strain  K-6  was  isolated  from  the 
Hamburg  sewer  system  |l|  and  was  grown  in  the 
S-5  medium  of  Hutchinson  el  al.  |I0|  supple¬ 
mented  with  10.0  g/l  of  Na,S,(),  •  5H ,0.  al  an 
initial  pH  of  4.5. 

ThiohaciUus  norellus  ATCC8093  was  grown  at 
pH  7.0  in  Starkey’s  medium  |8|  with  Na,S,(),  as 
the  energy  source  as  described  |11).  Organisms 
were  grown  on  a  rotary  shaker  at  25 °C\ 

ThiohaciUus  neapohtanus  strain  D-2  was  isolated 
and  characterized  [1|.  and  grown  in  the  medium 
labeled  ThiohaciUus  thioparus  of  Vishniac  and 
Santer(l2]  at  an  initial  pH  of  6.6. 

ThiohaciUus  intermedins  strain  D-14  |l)  was 
grown  in  the  medium  of  Matin  and  Rittenberg 


1 13|  supplemented  with  Na  •  5H;0  5.0  g.  0.1 
g  CaCI:  per  I  with  0.1  ihM  biotin  at  an  initial  pH 
of  6.X. 

ThiohaciUus  acidophilus  ATCC27807  was  grown 
m  the  medium  of  Guay  and  Silvei  (14).  with 
glucose  10.0  g  (added  after  autoclaving)  and  yeast 
extract  0.3  g/l  al  25°C  with  stirring  and  an  initial 
pll  of  3  5 

Organisms  were  harvested  by  centrifugation  at 
10000  x  g  for  15  min  at  4°C.  washed  twice  in 
phosphate  buffer  or  growth  medium  minus  energy 
source  and  lyophilized. 

3.  3  Txtractuni 

The  analytical  sequence  utilized  for  PLFA 
analysis  is  diagrammed  in  Fig.  1.  The  modified 
one-phase  Bligh  and  Dyer  extraction  was  utilized 
for  all  samples  |I5|.  Duplicate  samples  were  ex¬ 
tracted  separately  and  all  data  is  expressed  as  the 
mean  of  two  determinations.  After  the  overnight 
separation  of  the  lipid  and  aqueous  phases  in  the 
second  stage  of  the  extraction,  the  organic  fraction 
was  filtered  through  fluted  Whatman  2V  filters 
and  evaporated  to  dryness  under  a  stream  of 
nitrogen. 

3. 4.  Tolar  lipid  isolation 

Silicic  acid  columns  were  prepared  using  I  g 
Unisil  (100-200  mesh;  Clarkson  Williamsport.  PA) 
activated  at  120°C  for  60  min  and  pre-extracted 
with  chloroform.  Columns  were  prepared  with  the 
approximate  ratios  of  50:1  stationary  phase  to 
lipid  (dry  wt.)  and  1.7:  1  stationary  phase  column 
bed  height :  cross-sectional  area.  T  otal  lipid  was 
applied  to  the  top  of  the  columns  in  a  minimal 
volume  of  chloroform.  Sequential  washes  of  10  ml 
of  chloroform,  acetone,  and  methanol  eluted  the 
neutral,  glyco-.  and  polar  lipids,  respectively.  The 
polar  lipid  fraction  was  dried  under  a  stream  of 
nitrogen. 

3.3.  Mild  alkaline  methanolvsis 

T  he  mild  alkaline  methanolvsis  procedure  (15) 
was  utilized  to  prepare  methyl  esters  of  the  esler- 
Imkcd  fatty  acids  of  the  polar  lipids. 

3.0  Thai  lin  er  c  hromatographv 

Thin  layer  chromatography  (  I  LC)  on  What- 
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Fig.  1.  Diagram  of  the  isolation  and  analysis  of  the  PLFA  of 
the  acid  producing  thiohacilli.  TLC  thin  layer  chromatogra¬ 
phy:  OHFAMF.  and  FAMF.  hydroxy-  and  fatly  acid  methyl 
esters;  TMSi.  trimethylsilation;  ll».  hydrogenation  in  acid: 
DMDS.  formation  of  dimethyl  disulfide  adducts:  D-A.  forma¬ 
tion  of  Diels-Alder  adducts. 


man  K-6  silica  gel  (0.250  mm  thick)  was  utilized 
for  purification!  The  methyl  esters  from  the  polar 
lipid  fraction  were  applied  in  a  strip  to  the  origin 
of  the  TLC  plate  that  had  previously  been  divided 
into  a  large  mid-plate  channel  with  two  narrow 
channels  on  the  edges.  Authentic  fatty  acid  methyl 
esters  (FAME)  and  hydroxy  fatty  acid  methyl 
esters  (OHFAME)  were  applied  to  the  outside 
channels  and  the  plate  placed  in  a  tank  for  sep¬ 
aration  by  ascending  chromatography  in  a  solvent 
of  chloroform/methanol/water  (55  :  35  :  6. 
v/v/v).  The  silica  gel  hands  corresponding  to  the 
FAME  and  OHFAME  (/?,  >0.8)  were  scraped 
from  the  plate  and  the  fatty  acids  recovered  with 
chloroform/methanol  (2:1.  v/v).  lhe  position  of 
the  aminolipids  was  identified  by  spraying  a  por¬ 


tion  of  the  plate  with  0.25T  (w/v)  ninhvdrin  in 
acetone/lutidine  (9:1.  v/v)  |!6|.  The  bands  on 
the  unsprayed  portion  of  the  plate  were  recovered 
in  a  Pasteur  column  and  eluted  with  chloroform/ 
methanol  (1:1  and  2:1.  v/v). 

The  FAME  and  OHFAME  were  separated 
using  ascending  chromatography  with  hexane:  di¬ 
ethyl  ether  (1:1.  v/v).  The  FAME,  band  (  R ,  0.65) 
and  OHFAME.  band  (  R ,  0.25)  were  recovered 
and  eluted  with  chloroform  and  chloroform/ 
methanol  (1:1.  v/v). 

3.7.  Acid  mcllumolysis 

The  aminolipids  recovered  from  the  TEC  plates 
were  subjected  to  acid  methanolysis  in  anhydrous 
methanol/concentrated  IK'L/chloroform  (10  : 
1:1.  v/v/v)  after  heating  at  I00°C  for  1  It.  The 
OHFAME  were  recovered  in  chloroform. 

3.  R.  Denronzonons 

Trimethvlsilvl  ethers  of  OHFAME  were  formed 
with  N.  0.-bis-(trimelhylsilyl)-trifluoroacetamide 
(BSFTA)  (Pierce)  1 17J. 

The  position  and  geometry  of  the  monoun- 
saturation  in  the  FAME  and  OHFAME'  was  de¬ 
termined  after  two  procedures.  Dimethyl  disulfide 
(DMDS)  adducts  were  prepared  as  described  [I8|. 
These  derivatives  increase  the  resolution  between 
as  and  irons  geometrical  isomers  in  capillary  G(\ 
Diels-Alder  adducts  were  prepared  front  the 
monounsalurated  FAME  and  OHFAME  utilizing 
5.5-dimethoxy  1 .2.3,4-tetraehlorocyclopentadiene 
(Sigma)  using  the  modifications  described  for 
bacterial  fatty  acids  (I9|.  In  both  these  procedures 
the  fragments  from  the  ontega  (w)  or  aliphatic  end 
of  the  molecule  and  the  delta  (<i)  or  carboxyl  end 
of  the  molecule  are  clearly  evident. 

The  position  of  the  cyclopropane  ring  in  the 
E'AME  can  be  determined  after  hydrogenation  in 
the  presence  of  Adam's  catalyst  of  PtO.  with  the 
esters  dissolved  in  methanol :  glacial  acetic  acid 
(1:1.  v/v)  under  a  hydrogen  atmosphere  (140 
kPa)  at  room  temperature  with  mechanical  agi¬ 
tation  for  20  40  h  in  a  Parr  hydrogenation  ap¬ 
paratus  (Moline.  IL)  (20).  These  derivatives  give 
fragmentation  patterns  at  branch  points  on  either 
side  of  the  original  cyclopropane  ring  Similar 
treatment  of  the  2-OI  lev  E'AME  did  not  yield 


fragments  allowing  determination  of  the  branch 
points. 

33).  Gas  chromatography 

Dry  FAME  or  OH  FA  ME  were  dissolved  in 
hexane  and  the  internal  standard  of  methyl  non- 
adecanoate  added.  Samples  of  1 .0  p  I  were  injected 
onto  a  50  m  nonpolar,  cross-linked  methyl  sili¬ 
cone-fused  silica  capillary  column  (0.2  mm  i.d.. 
Hewlett  Packard)  in  a  Varian  .1700  GC.  A  30-s 
splitless  injection  with  the  injection  temperature  at 
250°C  was  used.  Hydrogen  at  a  linear  velocity  of 
35  cm/s  was  the  carrier  gas  with  a  temperature 
programme  starting  with  an  initial  temperature  of 
80°C.  The  initial  20°C/min  rise  for  3  min  fol¬ 
lowed  by  a  4°C/min  rise  for  30  min  and  an 
isothermal  period  for  the  remainder  of  the  40  min 
program  was  utilized.  Detection  was  by  hydrogen 
flame  (FID)  using  a  30  ml/min  nitrogen  make  up 
gas  at  a  temperature  of  290°C.  An  equal  detector 
response  was  assumed  for  all  components.  Peak 
areas  were  quantified  with  a  programmable 
laboratory  data  system  (Hewlett  Packard  3350 
series)  operated  in  an  internal  standard  pro¬ 
gramme  relative  to  known  amounts  of  internal 
standard. 

3.10.  GC/  MS 

FAME  and  OHFAME  were  tentatively  identi¬ 
fied  by  co-elution  with  authentic  standards  sup¬ 
plied  by  Supelco  and  Applied  Science  Labs,  or 
previously  identified  laboratory  standards.  The 
analysis  was  performed  on  a  Hewlett  Packard 
5996A  GC/MS  with  a  direct  capillary  inlet  utiliz¬ 
ing  the  same  chromatographic  system  except  for 
the  temperature  programme  which  was  begun  at 
100°C  and  increased  to  280°C  at  3°C/min  for  a 
total  analysis  time  of  60  min.  The  electron  multi¬ 
plier  voltage  was  between  1400  and  1600  V.  the 
transfer  line  maintained  at  300°C.  the  source  and 
analyzer  maintained  at  250°C.  and  the  GC/MS 
was  autotuned  with  DFTPP  (decafluorotriphenyl- 
phosphine)  at  m/2  502  with  an  ionization  energy 
of  70  eV.  The  data  was  acquired  and  manipulated 
using  the  Hewlett  Packard  RTF  6/VM  data  sys¬ 
tem.  Other  conditions  were  as  described  previ¬ 
ously  1(20|. 


3.11.  hatty  acid  nomenclature 

I'atty  acids  are  designated  as  total  number  of 
carbon  atoms:  number  of  double  bonds  with  the 
position  of  the  double  bond  nearest  to  the  aliphatic 
(to)  end  of  the  molecule  indicated.  This  is  fol¬ 
lowed  by  the  suffix  c  for  cis  and  t  for  traits 
configuration  of  monoenoic  fatty  acids.  The  pre¬ 
fixes  i,  a.  or  br  indicate  iso,  anteiso,  or  branched 
(position  undetermined).  Mid-chain  branching  is 
indicated  by  the  number  of  carbon  atoms  from  the 
carboxyl  (d)  end  of  the  molecule  and  Me  for  the 
methyl  group.  Cyclopropane  rings  are  indicated 
with  the  prefix  cy  and  the  position  of  the  ring 
from  the  aliphatic  (to)  end  of  the  molecule.  Hy¬ 
droxy  fatty  acids  are  indicated  by  the  number  of 
carbon  atoms  from  the  carboxyl  end  of  the  mole¬ 
cule  followed  by  the  prefix  OH.  Methoxy  fatty 
acids  are  given  with  the  number  of  carbon  atoms 
from  the  carboxyl  end  of  the  molecule  followed  by 
the  prefix  MeO. 

4.  RESULTS 

4. 1.  Structural  confirmation  of  the  unusual  fatty 
acids  of  Thiobacillus  spp. 

The  data  in  Table  1(1)  show  the  mass  spectral 
fragmentation  patterns  of  monoenoic  PLFA  of  16. 
17.  18  and  19  normal  and  10  methyl  branched 
18-carbon  monoenoic  acids  after  fractionation  by 
capillary  GC.  Fragmentation  of  the  Diels-Alder 
adducts  and  dimcthyldisulfide  adducts  showed  the 
same  position  for  the  unsaturation  in  each  acid.  In 
part  II  of  Table  1  the  evidence  for  the  position  of 
the  cyclopropane  ring  in  17-  and  19-carbon  chains, 
following  ring  opening  hydrogenation,  is  pre¬ 
sented.  Mass  spectral  evidence  was  obtained  for  a 
2 1 -carbon  cyclopropane  fatty  acid  which  showed 
fragments  at  m/z  55.  69.  74,  111,  and  129  and 
also  showed  the  expected  GC  retention  time.  Part 
III  of  Table  1  shows  the  evidence  for  n-hydroxy- 
cyclopropane  fatty  acids  based  on  the  fragmenta¬ 
tion  of  the  trimethylsilated  methyl  esters.  Parts  IV 
and  V  of  Table  1  show  the  evidence  for  methoxy 
18-  and  20-carbon  fatty  acids  and  mid-chain  hy¬ 
droxy  fatty  acids. 

4.2.  PI. FA  patterns  of  Thiobacillus  spp. 

The  proportions  of  the  PLFA  in  5  species  and  2 


Table  I 

Thtobaaffus  spp.  polar  signature  lipids 

Characteristic  ion  fragments  ( m/z )  of:  I.  Diels-Alder  adducts  and  dimclhsldisulfide  adducts  of  monounsaturuicd  fatty  acids:  II. 
products  obtained  following  ring-opening  hydrogenation  of  cyclopropyl  fatty  acids:  Ml.  hvdroxs  fails  acids:  IV.  methoxy  fatty  acids; 
V.  mid-chain  hydroxy  fatly  acids. 


Compound  class/ 

Tally  acid 

Ion  Iragmenl  ( »i /.- ) 

1  Mono-unsaturaled 

Diels- Alder  adducts 

Dimcths  (disulfide  adducts 

Tally  acid  * 

|M-IICI|  J-f  rag.  h 

w-l  rag  ' 

M  *  J-l  rag.  *' 

u-l-rag.  1 

16: lulO 

495  .767 

379 

a 

16:  Iu7 

495  409 

.1.77 

362  2 1 7 

145 

16:  lu5 

- 

362  245 

117 

17:  Iu9 

509  795 

365 

17  :  lull 

509  409 

351 

.176  217 

159 

17  :  lu6 

509  477 

32.7 

776  245 

131 

i  1 7 : Iu5 ' 

- 

131 

18:  l«9 

52.7  409 

365 

18:  lu7 

523  437 

.177 

tuo  245 

145 

18:  Iu5 

523  465 

309 

.790  277 

117 

19:  lu9 

537  42.7 

.765 

231 

17.7 

19:  lug 

537  4.77 

351 

245 

159 

19: lw7 

537  451 

337 

259 

145 

19  :  l«6 

537  465 

323 

404  271 

131 

lOMel 8  :  1  u6 

- 

404  273 

1.71 

IIMcl8:  lu6 

- 

404  273 

1.11 

II  Cyclopropyl 

Products 

M  ‘ 

Other  enhanced  ions 

Tally  acids  ' 

cyl7 : 0(u7.8) 

9Mel6:0 

284 

157.  185 

IOMcl6 : 0 

284 

171.  199 

IOMel8:0 

312 

171.  199 

cyl9:0<«8.9) 

1  IMel8  :0 

312 

185.  213 

III  2-OH-Hydroxy 

|M-I5|  ‘ 

|M-59| 

Oilier  major  ion  Iragmcnls 

cyclopropane  acid  * 

2-OMcyl6 : 0 

341 

297 

73.  89.  129.  1 59 

2-OHcyl8 : 0 

369 

.125 

73.  89.  |  29.  |  59 

2-OHcyl9 : 0 

383 

1.19 

73.  89.  129.  159 

IV  Melhoxy 

Major  ions 

Other  ism  fragments 

Tally  acids  11 

IOMeOI8 : 0 

157.  215 

55.  59.  69.  X5 

1 1  MeOI8  :0 

14.7.  229 

55.  59.  69.  X5 

12MeO20.0 

157.  243 

55. 59.  69.  X5 

l3MeO20 : 0 

143.  257 

55.  59.  69.  ft 5 

V  Mid-chain 

Major  ion 

( filler  ion  fragments 

hydroxy  fatty 

acids  *•' 

11-01119:0 

215.  287 

73.  97.  129.  15‘> 

1. 7-OIII9 : 0 

187,  315 

73.  97.  129.  159 

*  See  MATERIALS  AND  METHODS  for  description  of  monnunsaturated  fatty  acid  dcnsati/ation  procedures. 

h  d-Fragmcnl  indicates  fragment  including  carboxylic  end  of  the  molecule 

*  o>- Fragment  indicates  fragment  including  aliphatic  end  of  the  molecule. 

d  Not  detected. 

*  Identified  based  on  retention  time,  and  the  presence  of  a  |J -32)  fragment 

1  Branched -chain  cy2l  :  0.  brey  20:0.  and  normal  cv20 :  0  detected  based  on  C » I  (  retention  time  and  mass  spectral  data  before  and 
after  hydrogenation 

*  Chromatographed  as  Ol  MSi  ether 

h  Prefix  indicates  position  of  melhoxy  group  from  the  carboxshc  end  of  the  nu*lecule  M.iior  urns  are  due  to  fragmentation  on  either 
side  of  the  melhoxy  group 

1  Prefix  indicates  position  of  hydroxy  group  from  the  carboxshc  end  ol  the  molecule  Major  urns  are  due  to  fragmentation  on  either 
side  of  the  OTMSi  group 


strains  of  one  species  of  acid-producing  thinhacilli 
are  listed  in  "f  ables  2  and  3.  T.  iico/ioliiunm  and 
strain  K-6  of  T.  thtooxuhms  are  clearly  different 


from  the  others  in  having  higher  proportions  of 
normal  saturated  I’l.l'A  such  as  16:0,  and  17:0 
and  low  levels  of  cyl9:0f  oR.9).  which  is  a  major 


t  able  2 

lister-linked  fatly  acid  composition  in  the  polar  lipid  of  / hiofuu  lilm  spp..  I.  Non-hvdrosv  faltv  acids 

l:alty  acids  listed  in  order  of  elution  front  (>l  (  I  race  components  *  0..V*.  A.  B.  and  C  are  iinulenlificd.  *  indicates  unresolved 
components.  MeOIHrO  contains  equivalent  amounts  of  II  anti  10  mctlioxv  hranches.  Total  I  AMI-  represents  the  total  amount  of 


sample  analyzed. 

l;.ach  value  is  the 

mean  of  2  determ 

nations. 

Patlv  Acid 

Slrain  ( nml'V ) 

T  a<  ulnphilm 
27807 

/  mtvrmcthus 

1  )-4 

T.  ncapnhwnus 
11-2 

7  n<H't‘l/us 

809* 

V  ihuH»xui<in\ 
|9*77 

T.  thiooxuUinx 

K-6 

1.1:0 

2  02 

14:0 

0.10 

1.64 

0  28 

15:0 

1.79 

o  22 

16: lulOC  . 

1  RACK 

16: l«7C 

0  15 

0  69  | 

• 

TRACK. 

1  05 

9  19 

16: l«7T 

0.18  / 

,VI  « 

Oil 

16:  I«j5C 

0  19 

TRACK 

o  22 

A 

TRACK 

TRACK. 

TRACK 

1  RACK 

16:0 

1.54 

15.0 

28.5 

14.1 

10  | 

16.1 

i  1 7  :  l(o5 

0.17 

1  24 

0  21 

1 7 :  I<j9C 

0  25 

TRACK 

1  RACK 

17:  IwSC 

1.55 

TRACK 

0  16 

TRACK 

17: lu7C 

0.26 

TRACK 

TRACK. 

17:  lu6C 

0  16 

TRACK. 

0.59 

IRAC  1 

2.20 

TRACK. 

cyl7  :()t  u7.8) 

9  46 

1.20 

1  RACK 

V66 

TRACK 

17:0 

TRACK 

2.64 

4  61 

2.14 

TRACK 

5.56 

18:  lu9C* 

TRACK 

TRACK 

TRACK 

TRACK 

0.54 

18: lw7C 

4.08 

4  77  ( 

• 

•  . 

,  •  i 

19  2 

*7.0 

10  7  ! 

1  66  ' 

18:1 w7T 

0.25 

.1 .86  / 

*  / 

Oil 

18:  l«5C 

0.19 

0.95 

0  91 

0  50 

1  50 

TRACK. 

R 

TRACK 

0.52 

Oil 

099 

18:0 

4.51 

9.10 

1.65 

6  24 

8.16 

2,8 

McO18:0 

0.49 

0.62 

0  29 

069 

IIMcl8  :  lu>6 

2.80 

2.15  | 

# 

1.16 

1  45  | 

• 

0.4 

0.7  _ 

10Mcl8:lu6  - 

2.70 

1.62  / 

111 

1  90  | 

19  1  tj9C 

1  RAC  1 

TRACK 

19:  lu>8C 

TRACK 

1.04 

0.17 

IRAC  1 

track: 

19: l«7C 

062 

I  RAC  1 

TRACK 

19  lu6C 

TRACK 

1  RACK 

TRACK 

tv  1 9 : 0(  u8,9) 

59  1 

25  6 

1.52 

414 

440 

4  24 

brcy20 : 0 

0.61 

1  RACK 

1  51 

cv 20 : 0 

12.2 

116 

0  14 

9  14 

8  II 

1.15 

C 

TRACK 

TRACK 

IRAC  1 

1  RAC  1 

HMeO20:0 

1  41 

1.45 

0X7 

0  99 

12Me<)20:0 

1.42 

141 

1  20 

0  9S 

hrcv2l  :  0 

1.00 

*09 

2  ss 

2  18 

21  : 0 

1.25 

2.60 

2  55 

0  98 

Total  KAMK 

2  500 

415 

769 

48 

'i  i 

1  250 

(nmol) 


A’ 


Table  3 

Kster-linked  Tally  acid  composition  in  the  polar  lipid  of  Ihiohaullm  ypp  II  Ilydroty  Tally  acids 


Tally  acids  listed  in  order  oT  elm  ion  from  (»!.(.'  Trace  components  <  11.31  A  and  II  indicate  2-011  and  2-01 II  AMT.  respectively 
*  Indicates  signiTicant  amounts  oT  3-Oltl  AMT  found  in  the  aminoltpid  The  suffix  A  or  B  indicates. the  ma|or  isomer  as  determined 
by  GC/MS.  Total  OIITAMT.  represents  the  local  amount  analyzed  Tacit  value  is  the  mean  of  2  determinations 


Fatly  Acid 

Strain  (molT ) 

7'  acidophilus 

21  mi 

7‘  intermedins 

1)14 

T  neapohianus 

B-2 

7’  tun 'ell us 
809) 

7".  thutoxuians 
19)77 

T.  thiooxidans 

K-6 

A/BOHI4.0 

27.3  *  B 

0  59  A 

5.95  B 

3  03  * 

1  2  1  *  It 

5  74  *  B 

A/BOIII5.0 

1  57  •  It 

TRACI: 

AOHCY16 :0 

644 

28.2 

A/BOIII6 : 0 

1 .04  •  1) 

53.6  *  A 

10  9  A 

9.22  *  B 

31  9  *  I) 

25.0  *  B 

A/BOIII7  :0 

1.28  B 

3.23  A 

3.43  *  A 

2.69  *  A 

2  95  *  A 

AOUCY 18 : 0 

064 

11.0 

38.0 

tract: 

1.37 

1.61 

A/BOII 18 :0 

6b  2  *  B 

5  27  B 

5.72  A 

65  9  •  B 

5.7) 

22.6  *  B 

AOHCYI9  0 

080 

15.3 

8.02 

5  40 

4)4 

42.2 

1101119:0 

2.03 

1.18 

2.37 

0.43 

1301119  0 

2.03 

0.91 

10.7 

0.85 

BOH22  0 

TRACT. 

Ratio  (  x  100) 

OHFAME/OHFAMK 

+  FAMF 

6.25 

12.3 

1.50 

13  6 

28.5 

15.2 

Total  ohfamf: 

(nmol) 

400 

63 

11.3 

56 

125 

222 

component  of  the  other  2  species  and  strain  1937?  and  fragments  at  m/z  73.  89.  and  159.  The  2- 

of  T.  thiooxidans  (Table  2).  T.  neopolinwus  con-  OTMSiFAMF.  showed  the  diagnostic  M-59  ion 

tains  the  highest  proportions  of  2-OH  cyl6:0  and  (21  J.  as  well  as  major  fragments  at  m/z  103  and 

2- OH  cyI8:0  in  the  PLFA  (Table  3).  T.  neopo-  129.  The  3-OTMSiFAMF  show  the  definilive 

htanus  contains  the  smallest  proportion  of  fragment  at  m/z  175  plus  the  rearrangement  at 

OHPLFA  to  PLFA  of  the  5  species.  T.  thiooxidans  m/z  133.  and  m/z  159  and  131  ( 1 7.2 1 ).  Mid-chain 

K-6  is  similar  to  T.  thiooxidans  19377  in  the  high  OTMSiFAME  showed  major  ions  attributable  to 

content  of  2-OH  and  3-OH  16  :  0  and  2-OH  cyI9  :  0  fragmentation  either  side  of  the  OTMSi  group, 

than  the  otHfe'r  species.  T.  intermedins  and  both 

strains  of  T.  thiooxidans  contain  high  proportions 

of  3-  and  2-OH  16:0  in  contrast  to  T.  acidophilus  4.J.  Shifts  in  the  PLFA  composition  with  lime  of 
and  T.  nonellus  which  contain  high  proportions  of  incubation 

3-  and  2-OH  18:0  (Table  3).  The  nonhydroxy  The  incubation  of  T.  acidophilus  in  stationary 

PLFA  of  T.  acidophilus,  T.  novellas.  T.  inter-  phase  for  18  days  resulted  in  a  progressively  de- 

medius,  and  T.  thiooxidans  19377  show  similarities  creased  yield  of  cells  and  a  marked  shift  in  pro- 

with  relatively  higher  proportions  of  MeO18:0.  portions  of  the  PLF'A  (Table  4).  As  the  culture 

cyl9 :  0(«j8,9).  10  and  llMelS:  lco6.  12  and  ages  the  proportions  of  ‘typical'  PLFA  such  as 

13MeO20:0,  cy20:0,  and  brcy21:0  PLF'A  than  16:0  and  18:1  w7c  decrease.  No  change  in  the 
T.  neapolilanus  and  T.  thiooxidans  K-6.  proportions  of  14:0.  18:0  and  the  major  compo- 

The  tentative  structures  of  each  of  the  fatty  nent  cyl9:0  is  observed  as  the  culture  ages.  The 

acids  listed  in  Tables  2  and  3  have  been  confirmed  proportions  of  the  ‘unusual’  PLF'A  such  as  the 

by  GC/MS.  The  trimethylsilyl  ethers  (TMSi)  of  methoxy  and  mid-chain  methyl-branched,  the 

the  OHFAMH  showed  an  enhanced  M-15  ion,  branched  cyclopropane,  and  cyclopropane  20- 


74 


Table  4 

Change  in  the  proportions  of  polar  lipid  ester-linked  fatty  acid 
composition  of  Thiotwcillus  acidophilus  with  growth 

Fatty  acids  listed  in  the  order  of  elution  from  (iLC  *  indicates 
unresolved  components.  Trace  components  not  shown. 


Fatty  acid 

6  Days 
(mol%) 

12  Days 
(mol%) 

18  Days 
(mol?) 

14:0 

0.11 

0.21 

0.10 

16:  lu7C 

0,90 

0.16 

0.15 

16:0 

6.00 

2.81 

3.54 

17: 1«6C 

0.23 

0.10 

0.16 

I8:I«7C> 

18.0 

12.2 

4.08 

18:  lw7T/ 

• 

0.34 

0.25 

18:  la5C 

0.44 

0  35 

0  39 

18:0 

4  65 

4.86 

4  53 

MeOI8 : 0  \ 

*\ 

• 

0.49 

1 1 Mct8 : 1  u6  > 

1  08  *  } 

6.78  • 

2.80 

I0Me!8 :  Iu6 / 

•1 

• 

2.70 

cyl9:0 

68.6 

51.8 

59. 1 

brcy20 : 0 

1.09 

0.63 

cy20:0 

12.2 

12.2 

!3MeO20:0 

1.15 

1.43 

12MeO20:0 

1.24 

1.42 

brcy2t  :0 

2.62 

3.00 

21.0 

2.11 

1.25 

Final  pH 

2.55 

2.75 

2.65 

Yield  <g/l) 

2.0 

1.34 

0.87 

carbon  acids  as  well  as  the  2 1 -carbon  acids  in¬ 
crease  as  the  incubation  is  prolonged. 

5.  DISCUSSION 

5.  /.  Structural  identification  of  unusual  PLFA  from 
Thiobacillns  spp. 

The  unusual  fatty  acids  from  the  phospholipids 
of  the  Thiobacillus  spp.  were  tentatively  identified 
from  their  retention  times  when  compared  to 
authentic  standards.  To  define  the  structure  of  the 
PLFA,  derivatives  were  made  and  the  structures 
confirmed  with  their  fragmentation  patterns  utiliz¬ 
ing  EIMS. 

Previous  work  has  emphasized  the  importance 
of  the  position  and  conformation  of  the  double 
bond  in  monoenoic  PLFA  in  defining  specific- 
groups  of  microorganisms.  Gillan  and  Hogg  (22) 
used  the  position  of  unsaturation  in  monoun- 
saturated  FAME  to  classify  sedimentary  micro¬ 


organisms  into  ‘chemotypes’.  Nichols  et  al.  (23,24] 
found  unusual  patterns  of  unsaturation  in  the 
monoenoic  PLFA  of  the  methane-oxidizing 
bacteria  and  the  pathogen  Framisella  tularensis. 
These  'signature'  patterns  were  sufficiently  unique 
for  detection  of  these  organisms  in  environmental 
samples  [23.25 ].  Guckert  et  al.  1 20]  used  changes  in 
the  proportions  of  monoenoic  PLFA  with  defined 
positions  of  unsaturation  to  indicate  the  shifts  in 
the  benthic  marine  microbiota  from  aerobic  to 
anaerobic  growth.  In  a  later  study.  Guckert  et  al. 

1 26 1  showed  the  accumulation  of  irons  monoenoic 
PLFA  correlated  with  the  starvation  response  in 
Vibrio  cholcrae. 

Two  methods  of  defining  the  position  of  un- 
snturation  in  PLFA  have  been  utilized.  The  data 
in  Table  1  show  that  both  derivatizations  con¬ 
firmed  the  position  of  the  unsaturation.  The  un¬ 
usual  unsaturation  positions  of  to  5.  6.  8.  10 
together  with  (he  common  to  7  and  9  were  all 
present  in  the  PLFA  of  the  acid-producing 
thiobacilli.  Iso  and  mid-chain  branched  monoun- 
saturated  with  to  5  and  6  unsaturation  were  also 
detected  (Table  1). 

Cyclopropane  fatty  acids  can  be  defined  by 
creating  the  2  mid-chain  methyl  branched  isomers 
by  hydrogenation  of  the  cyclopropane  ring  in  acid 
al  elevated  hydrogen  pressure  (20).  Cyclopropane 
rings  are  formed  from  monoenoic  esters  of  specific 
phospholipids  in  the  membranes  of  bacteria  [27], 
Their  formation  with  the  concomitant  decrease  in 
monoenoic  PLFA  occurs  in  monocultures  that 
undergo  metabolic  stress  such  as  stationary  phase 
growth  [28).  The  same  phenomenon  has  been  de¬ 
tected  in  the  benthic  marine  microbiota  [26|. 

Methoxy  PLFA  are  extremely  unusual  in  mi- 
crobiota.  Great  care  must  be  taken  to  prevent 
their  artifactual  formation  from  cyclopropane  fatty 
acid  esters.  Acid  hydrolysis  in  methanol  leads  to 
the  formation  of  methoxy  derivatives  of  cyclo¬ 
propane  fatty  acids  |29|.  The  decreased  yield  of 
cyclopropane  fatty  acids  in  bacterial  lipid  prcpa.a- 
lions  formed  with  acid  hydrolysis  has  been  known 
for  a  long  time  |30|.  A  methoxy  fatty  acid  has 
been  defined  by  GC'/MS  in  the  lipopolysac- 
charide-lipid  A  of  Tluobacillus  ferrooxithns  [31 1  It 
was  this  paper  that  encouraged  us  to  examine  the 
lipids  of  other  Tluobacillus  spp..  using  the  mild 


alkaline  methanolysis  procedure,  for  signature 
PLFA  that  could  be  utilized  in  environmental 
studies. 

Hydroxy  fatty  acids  show  retention  time  shifts 
after  formation  of  TMSi  ethers  and  give  the  dis¬ 
tinctive  fragmentation  patterns  with  GC'/HIMS 
described  in  Table  1.  Both  mid-chain  and  2-OII 
and  3-OH  acids  were  detected  in  the  I’LFA  of  the 
acid-producing  thiobacilli. 

5.2.  Definition  of  unique  PLFA 

We  believe  this  work  provides  the  first  docu¬ 
mentation  of  the  presence  of  10-  and  II- 
Mel8:lu>6.  cy!9:  0(8,9).  10-  and  1 1-Me()18  :  0. 
12-  and  13-MeO20:0.  2-OHcyl6:0,  2-OHcyl8:<). 
and  II -OH- and  13-OHI9:0  in  the  polar  lipids  of 
bacteria.  Knoche  and  Shively  |6]  reported  2- 
OHcyl9  :0(«7,8)  in  the  ornithine  PLFA  of  T. 
thiooxidans. 

5.3.  Differentiation  between  species  of  Thiobacillus 

Five  species  of  acid-producing  thiobacilli  form 

patterns  of  PLFA  that  possibly  could  be  utilized 
to  differentiate  between  them  (Tables  2  and  3) 
The  two  strains  of  T.  thiooxidans  show  different 
patterns  particularly  in  the  nonhydroxy  PLFA 
(Table  2).  However  both  T.  thiooxidans  strains 
show  high  proportions  of  2-  and  ,3-OH  16:0  and 
2-OHcyl9:0  in  the  PLFA.  The  presence  of  high 
levels  of  a  cy!9:0  in  the  lipids  of  T  thiooxidans 
was  noted  by  Levin  |4|.  Based  on  this  study  the 
presence  of  elevated  levels  of  cyl9:0(<a8.9)  in  the 
PLFA  is  so  distinctive  in  some  strains  that  it 
might  be  termed  ‘ thiobacillic  acid'.  Levin  |5| 
showed  that  the  addition  of  traces  of  biotin  greatlv 
increased  the  proportions  of  the  cy!9:0  if  T. 
novellas  were  grown  autolrophically  with  thiosul¬ 
fate  or  helerolrophically  with  lactate  or  glucose 
but  not  with  citrate  or  yeast  extract  |5).  It  should 
be  noted,  however,  that  both  T.  neapohtanus  strain 
B-2  and  T  thiooxidans  strain  K-6  utilized  in  this 
study  contained  only  small  amounts  of  this  acid. 
Many  more  strains  of  these  species  and  of  other 
species  of  thiobacilli  will  need  to  be  examined  to 
establish  that  the  PLFA  patterns  can  be  utilized  to 
define  the  role  of  specific  species  in  environmental 
samples. 


Ihe  use  of  patterns  of  PLFA  to  define  the 
community  structure  of  microbial  consortia  have 
been  utilized  to  show  detrital  succession,  the  effect 
of  disturbance,  or  predation  in  marine  sediments, 
the  response  to  subsurface  aquifer  pollution  and 
in  environmental  effects  testing.  The  effects  of 
shifts  in  the  microbiota  biofouling  and  corrosion 
studies  have  also  been  reviewed  |32  35). 

5.4  PLFA  in  the  definition  o)  microbial  nutritional 
status 

The  data  in  Table  3  indicate  that  prolonged 
incubation  of  T  acidophilus  results  in  a  great 
increase  in  the  ‘unusual’  long  chain  cyclopropane, 
methoxy-branched  and  mid-chain-branched  mo- 
noenoic  fatty  acids.  Preliminary  experiments  have 
shown  that  a  number  of  these  ‘unusual'  fatty  acids 
can  be  readily  detected  in  concrete  samples  ex¬ 
posed  to  these  organisms  |36)  suggesting  that  they 
exist  predominantly  in  the  stationary  phase  in 
nature.  Guckert  et  al.  1 20]  were  able  to  show 
higher  relative  proportions  of  cyclopropane  as  well 
as  as  7  and  trans  monoenoic  PLFA  in  the  sta¬ 
tionary  phase  of  anaerobic  cultures  in  manipu¬ 
lated  microcosms.  Branched-chain  PLFA  accu¬ 
mulated  in  the  aerobic  stationary  phase  [20). 

5.5.  Role  of  acid-producing  thiobacilli  in  biodegrada¬ 
tion  v 

Ihe  correlation  between  the  degree  of  biode¬ 
terioration  of  concrete  and  the  activity  of  acid- 
producing  Thiobacillus  spp.  has  been  shown  using 
classical  recovery  and  culture  techniques  |1,37|. 
Preliminary  evidence  from  both  corroding  sewer 
systems  and  from  a  continuous  culture  apparatus 
designed  to  test  the  resistance  of  concrete  samples 
to  the  corrosive  activities  of  acid-producing 
bacteria  shows  that  the  degree  of  biodegradation 
appears  to  correlate  with  the  presence  of  ‘sig¬ 
nature’  PLFA  of  the  acid-producing  Thiobacillus 
spp..  particularly  T.  thiooxidans  (1.36.37).  The 
methodology  described  here  will  allow  examina¬ 
tion  of  an  entire  microbial  ecosystem  so  the  inter¬ 
actions  between  the  acid-producing  thiobacilli  and 
the  other  organisms  that  potentiate  their  corrosive 
activities  can  be  defined  )38,39|. 
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Summary 

Monounsaturated  fans  acid  double-bond  position  and  geometiv  have  been  determined  lor  microbial 
monocultures  and  complcs  microbial  consortia  by  capillary  (><  MS  ol  then  dunetliyl  disulphide  (l)MI)S) 
adducts.  The  technique  has  permitted  (»)  chromatographic  sepaiation  and  positive  identification  ol 
adducts  derived  from  cts/lrans  isomers,  («)  characterisation  of  lone  chain  monounsaturated  coniponentv 
(up  to  26: 1).  and  (in)  the  identification  of  a  wide  range  of  monounsatmaicd  component'  derived  from 
methanotrophic  soil  material.  The  mclhanotrophic  soil  sample  contained  a  high  relative  propoition  ol 
the  novel  phospholipid  ester-linked  fatty  acid  18:1  S  10c.  The  l)\ll)s  proccdmc  otlciv  a  simple  and  rapid 
approach  that  can  be  routinelv  applied  to  microbial  fatty  acids  domed  Ironi  environmental  samples  and 
monocultures. 


Key  .words:  Biological  markers  Community  structure  das  t  hromoinc'ophv-mass  spectrometrx 
Monounsaturated  fatty  acids  -  Structural  ecriluninm 


Introduction 

Prccisr’determination  of  monounsaturaied  fails  acid  double-bond  position  and 
geometry  is  essential  for  the  correct  interpolation  of  complcs  data  scis,  in  order  that 
membrane  fatty  acids  can  be  used  as  biomarkers  in  i  he  fields  of  taxonomy,  ecology. 
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uigaiiic  geochemistry  and  clinical  miciobiologv.  A  mnnlici  ol  donati/atioii 
procedures  have  been  applied  to  sedimeniai  s  anil  nncinhialls  denied  lain  acids  m 
achieve  sliuclmal  iileniilicaiion  |l  5).  I  hese  ineihods  aie  inn.  lunusci.  applied 
louiinely  to  environmental  and  nnciobial  samples  I'm  a  vaiieiv  ol  le.isons.  such  as 
lengths  sample  workup,  the  method's  lailiue  to  piovule  data  lot  lone  chain  (eieaiei 
than  24:1)  components,  and  I  he  decree  ol  diflicultv  m  mfcipiciiiig  relative 
proportions  ol  a s  and  trails  isonieis. 

A  single-step  ilerivati/ation  piocedme  lollovved  In  gas  cliiomatogiapli) -mass 
spectrometry  (CiC’-MS)  involving  the  simple  and  taptd  iodine  catalv/cd  addition  ol 
dimeihyl  disulphide  (l)MI)S)  lo  linear  alkenes  has  lecemli  been  leponed  |6| 
Similarly,  i lie  DMDS  addition  Inis  also  been  used  in  the  iileniilicaiion  ol  siandaid 
monoiinsaiiiraled  acetates  ;ind  fatly  acid  methyl  esters  denied  limn  pheiomone 
extracts  of  moth  species  |7|.  The  latter  application  achieved  chromatographic 
separation  of  adducts  derived  from  as  and  nan s  isonieis. 

In  this  report  sve  present  data  obtained  by  means  ol  the  DMDS  piocedme  fm 
inoiiounsaturatecl  fatly  acids  from  microbial  monocultures  and  complex  soil 
consortia.  Structural  confirmation  has  been  performed  by  capillary  (iC'-MS  of  the 
adducts.  The  main  criteria  for  the  selection  and  use  ol  this  method  weic  (/) 
confirmation  of  double-bond  configuration  for  relatively  novel  monoiinsaiiiraled 
fatly  acids  isolated  from  soil  samples,  (»)  distinction  between  as  and  nans  isomers, 
(///)  identification  of  long-chain  monounsaturated.  24:  I  and  26:  I.  fatly  acids  from 
a  marine  alga,  (n  )  the  absence  of  contaminating  byproducts,  and  (v)  low  cost  and 
convenience  of  the  reaction.  The  method  has  permitted  the  achievement  of  these 
goals. 

Materials  and  Methods 

Sample  preparation 

Sample  extraction,  fractionation  of  total  lipid,  and  mcthylation  of  the 
phospholipid  ester-linked  fatty  acids  were  as  pieviously  repotted  |8|.  No  further 
separation  of  the  resulting  methyl  esters  was  requited  for  this  analysis. 

Gas  chromatography 

Fatty  acid  methyl  esters  (FAME)  were  ta  ken  up  in  hexane  with 
methylnonadecanoatc  (19:0)  as  the  internal  injection  standard.  Separation  of  FAME 
was  performed  by  high-resolution  gas  chromatography  with  a  Hewlett  Packard 
5880A  gas  chromatograph  (GC)  equipped  with  a  flame  ionization  detector.  Samples 
were  injected  at  50 °C  in  the  splitless  mode  with  a  Hewlett  Packard  7672  automatic 
sampler  onto  a  non-polar  cross-linked  methyl  silicone  capillary  column 
(50  m  x  0.2  mm,  i.d.,  Hewlett  Packard).  The  o\en  temperature  was  programmed 
from  50  to  160 °C  at  10 °C  per  min,  then  at  4°C  pci  min  to  .400 °C.  Hydrogen  was 
used  as  the  carrier  gas  (I  ml/min).  The  injector  and  detector  were  maintained  at 
300  T. 

Tentative  peak  identification,  prior  to  GC-MS  analixix,  was  based  on  comparison 
of  retention  times  with  those  obtained  for  standards  liom  Nupelco  Inc.  (Bellefontc. 
PA)  and  Applied  Science  Laboratories  Inc.  (Stale  College,  PA)  and  previously 


identified  l;ihoiatoi\  st.iiiduuls.  I Va k  areas  were  (|tianiilied  with  a  Hewlett  Pack. ml 
3350  sctics  progtammahle  labotaioty  data  system  operated  with  an  mtetnal  stand. ml 
ptogtam. 

Gas  Chromatography- Mas\  Spectrometry  (Gt  -MS) 

CiC'-MS  analyses  vvete  performed  on  a  Hewlett-Packard  599(>A  s> stem  fitted  with 
a  direct  capillary  inlet.  I  lie  same  column  (ype  described  above  was  used  lot  analysts. 
Samples  were  injected  in  the  splitlcss  mode  at  100 °C  with  a  0.5  min  venting  time, 
after  which  the  oven  temperature  was  programmed  to  300  °C  at  either  3  ot  4  C  pet 
min.  Helium  was  used  as  tire  carrier  gas.  MS  operating  patanieiets  wete:  election 
multiplier  between  13(H)  and  14(H)  V.  transfer  line  300 °(',  souice  and  analy/et 
250 °C.  autotune  file  DP  I  PP  normali/cd,  optics  tuned  at  in//  502.  election  impact 
energy  =  70  eV.  Mass  spectral  data  were  acquired  and  processed  with  a  Hewlett 
Packard  RTE-6/VM  data  system. 


Determination  oj  fatty  acid  double-hand  configuration 

The  DMDS  adducts  of  monounsaturated  FAME  were  formed  according  to 
methods  similar  to  those  described  by  Dunkelblum  et  al.  |7|  to  locate  the  double¬ 
bond  positions.  A  higher  temperature  was  required  to  achieve  complete  reaction  than 
reported  for  the  monounsaturated  acetates  |7|.  Samples  in  hexane  (50  /d)  were 
treated  with  100  pi  DMDS  (gold  label.  Aldrich  Chemical  Co..  Milwaukee,  Wl)  and 
1-2  drops  of  iodine  solution  (6°/o  w  :v  in  diethyl  ether).  The  reaction  look  place  in 
a  standard  2  ml  CiC  vial  (Varian  Assoc.  Inc.,  Sunnyvale.  CA)  fitted  with  a  teflon- 
lined  setew-cap  lid.  After  reaction  at  50°C  in  a  GC  oven  for  38  h.  the  mixture  was 
cooled  and  diluted  with  hexane  (500  pi).  Iodine  was  removed  by  shaking  with  5o;o 
(w :  v)  aqueous  sodium  thiosulphate  (500  pi).  The  organic  layer  was  removed,  and  the 
aqueous  layer  rccxtracted  with  hexane .  chloroform  (4 :  l.  v :  v).  The  combined  organic 
layers  were  concentrated  under  a  stream  of  nitrogen  prior  to  subsequent  GC  analysis. 
GC-MS  analysis  of  the  DMDS  adducts  showed  major  ions  attributable  to 
fragmentation  between  the  two  CH,S  groups  located  at  the  original  site  of 
unsaturation  (Fig.  I).  Discrimination  between  cis  and  trans  geometry  in  the  original 
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monounsaturated  l  AMU  was  possible.  The  crythro  isomei  (originally  the  tram  lan\ 
acid)  eluted  alter  the  threo  isomer  (originally  the  as  Tatty  acid >  under  the  G( 
conditions  employed  d  ig.  21.  The  different  positional  isomers  id  the  same  geometrs 
were  ehromatographieally  separated  under  the  conditions  used  in  tins  study. 

lain  and  nomenclature 

Tatis  acids  are  designated  by  total  number  of  carbon  atomsatumber  of  double 
bonds,  followed  by  the  position  of  the  double  bond  fiom  the  carboxylic  (A)  end  of 
the  molecule.  The  suffixes  c  and  t  indicate  as  and  nans  geometry.  The  prefix  i  refers 
to  iso  branching. 

Kcsults  and  Discussion 

The  DMDS  adducts  of  monounsaturated  FAME  isolated  from  a  methanotropltic 
soil  column  |9|,  Pseudomonas  atlantica  (a  slime-producing  bacterium)  and  Nitzschia 
cyUndrus  (a  marine  diatom)  have  been  analyzed  In  capillary  G(  and  GC-MS. 
Characteristic  ion  fragments  for  all  monounsaturated  FAME  are  shown  in  fable  I 
One  major  criterion  for  the  selection  of  this  technique  was  achievement  of 
chromatographic  separation  of  cis  and  tram  acid  adducts.  A  concurrent  project  in 
this  laboratory  has  aimed  to  determine  the  physiological  conditions  under  which 
bacteria  produce  nans  laity  acids  (Guckcrt  and  White,  unpublished  data).  A  simple 
and  rapid  technique  that  permitted  positive  identification  of  double-bond  position 
and  geometry  and  quantification  of  the  two  geomci ncal  isomers  was  requited.  A 
reconstructed  ion  chromatogram  showing  the  DMDS  adducts  ol  the 
monounsaturated  FAME  from  P.  atlantica  is  illustrated  in  l  ig  2.  Separation  of  the 
adducts  of  the  three  cis/trans  pairs,  16:  IA9c  and  t.  IT.  IA9c  and  t.  and  18:  I  Jr  1 1  c  ami 
t.  occurred  under  the  chromatographic  conditions  employed  loi  this  GC-MS 
analysis.  Better  resolution  for  samples  containing  osci lapping  components  (where 
one  geometrical  isomer  dominated)  was  obtained  b>  GC  analysis  using  hydiogen  as  ’ 

carriei  gas.  We  have  also  noted  a  further  increase  in  component  icsolution  when  a 
slight l\  more  polar  OVI70I  column  is  used  1 

Application  of  the  DMDS  method  to  (he  long  chain  monounsaturated 


I  Mil  I  I 


C  HARM  II  KISIK  II  IN  I  KAf. MINIS  ()l  1)1  RIVAI 1 VI  S  I  HlfMI  I)  in  ID  \<  I  |n\  ol  Mil 
I’llnsi’llol  11*11)  MONO!  NSAIl/KAII  I)  I  At  15  AI  M)  Ml  HIM  I  Ml  Ks  HI  \l|(  Knill  51 
MONO!  Ill  IHKI  S  AND  (  ONSOKIIA  Willi  DIMI  MINI  DIM  I  I'lllDI  iDMDNi 

I  illll  .K  ill  Ki 

inotlnl  CSlCI 


M 
M 

I’.  \l 
M 

r.  N.  M 
I’.  N.  M 
M 
M 
M 
M 

1’.  M 
I’ 

r.  m 

\l 

I’.  M 
l‘.  \l 
M 
N 
N 
N 
N 

•  Kcuituon  t iiih* 

*  I’ciil.  Miimhois  refer  io  l;ig.  2. 

..fragment  indicates  fragment  including  aliphatic  end  of  the  molecule 
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phospholipid  FAME  of  N.  cytindnts  confirmed  Ihe  presence  ol  24:  I A 12 ,  24:  IAI5e. 
26:  IAI5c  and  26:  1A17c.  The  DMDS  procedure  has  prexiousK  been  applied  lo  the 
aeciaics  of  monounsaturaicd  faity  acids  ranging  from  12  lo  IS  carbon  atoms  lone 
The  data  presented  here  extend  the  reported  working  ranee  of  this  method  to 
monounsaturated  fatty  acids  containing  26  carbon  atoms  Flic  use  ol  shoriet 
capillary  columns  than  those  utilized  in  this  study  will  extend  this  range  I  mi  her.  The 
procedure  reported  here  will  permit  the  idem  i  fieri  i  ion  of  long-chain 
monounsaturated  fatty  acids  from  the  pathogenic  bacterium  I  nin.ucellu  tularvusis. 
This  bacterium  has  been  previously  reported  to  contain  long-chain  monounsaturated 
acids  up  to  26: 1  (10.  1 1 1.  Similarly,  we  plan  to  apply  the  procedure  routinely  to  the 
identification  of  long-chain  components  isolated  from  Antaunc  benthic  organisms 
and  sediments.  Our  preliminary  studies  have  indicated  the  ptcscnce  ol  several  ol 
these  relatively  novel  long-chain  monounsaturated  components  (unpublished  data) 
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'HI 

2ft:  1 A 1 5c 

59.69 

201 

101 

2ft: 1 A 1 7c 

59.79 

175 

IV.ik  Ion  (at  .*)  of  DMDS  .ultlmi' 

number*  -  -  - 

M  u.'-fra^imnt  3  Ii.omikiu  Soiiki 
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As  ;i  luithei  lest  of  (lie  l)M|)S  ;md  subsequent  G<  M's  pm.edmc.  .m.ilxsis  < > i 
I  AMI  obtained  Iioiii  l lie  phospholipid  liaclion  ol  a  soil  column  exposed  io  imiiii.iI 
i;as  (95"i,  hwlioearbons.  7 7' Vo  methane  |9)(  was  undeiinken  lahle  I  also  unhides  ihe 
sixteen  monoimsatiiraled  FAME  that  were  positively  identified  in  the  soil  maieiial. 
Ihe  eonlii  ination  ol  the  rarely  reported  fatty  acid  IS:  I  Aide  In  mass  speciimneiiy 
(l  ie.  I).  as  the  majoi  inonoiinsaturated  component  in  the  phospholipid  liacnon.  is 
consistent  with  the  eiirichincnt  of  a  inethaiioiiophic  population.  I  Ins  component, 
to  out  knowledge,  as  yet  has  only  been  reported  as  a  majoi  phospholipid  estei  linked 
fatty  acid  m  Mvlhylnsimis  irichos/Hiriiim  [12.  M|.  I  uitlici  miei pictation  ol  data 
obtained  on  tatty  acids,  including  other  tnononnsaiinaics.  picsciit  in  the  soil  sample 
could  permit  a  more  complete  understanding  of  the  miciobial  umimuitity  stiucture. 

Use  of  Ihe  DMDS  derivati/ation  procedure  followed  In  (i(  MS  analysis  oileis  a 
simple  and  tapid  method  for  the  determination  ol  monomisatiiiatcd  latte  acid 
double-boml  position  and  geometry.  The  method  has  permitted  chiomatogiaphic 
separation  and  positive  identification  of  cn/iruns  isomeis.  long-chain  components 
up  to  26:  I,  and  several  relatively  novel  components  from  a  complex  environmental 
sample.  These  separations  and  identifications  are  picicipiisites  to  the  full 
exploitation  of  fatly  acid  profiles.  Although  polymixaimaied  FAMF  ate  similarly 
derisati/cd  by  this  procedure,  the  chromatographic  conditions  used  lot  this  study  did 
not  permit  elution  of  these  DMDS  adducts.  The  data  presented  indicate  that  the 
DMDS  procedure  can  be  easily  and  routinely  applied  to  monoimsatiiraled  laity  acids 
derived  from  microbial  monocultures  and  complex  consortia. 
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1  SUMMARY 


2.  INTRODUCTION 


The  extractable  ester-linked  and  the  hpopoly- 
sacchuride  (LPS)  normal  and  hydroxy  falls  acids 
of  the  mcthylotrophic  bacteria  Mcthvtounus  m- 
rhttxponum  0B.1B,  MeihyMuicieriiini  organopliilunt 
XX.  grown  on  methane  and  methanol.  Mb 
organophilum  RG  and  •Mcthylonioita.i  sp  were 
analysed  by  capillary  gas  chromatography  mass 
spectrometry  (GC  MS).  Precise  monounsaturated 
double  bond  position  and  geometry  was  de¬ 
termined  by  GC’-MS  analysis  of  the  derivatiz.ed 
fatty  acids  The  three  species  were  readily  dis¬ 
tinguished  based  on  the  extractable  fatty  acid  and 
LPS  hydroxy  acid  profiles  Type  I  and  Type  II 
methylotrophs  can  be  separated  based  on  the  pres¬ 
ence  of  16-carbon  and  18-carbon  monoenoic  fatty 
acids  in  the  two  groups  of  organisms,  respectively. 
Relatively  novel  components.  18  IwKc.  18  lu>8t. 
18:  Iu7t  and  IK  lu>6c  were  present  in  M\  <n- 
chosponum.  and  16  :  IwKc.  16  Iu8(.  16  lw7t. 
16 :  1<j5c  ami  16  IwSt  were  delected  in  Mctlnl- 
sp  These  specific  lipids  may  he  used, 
gether  with  other  components,  as  signatures  Tor 
these  methylotiophie  bacteria  in  mampulaicd 
laboratory  and  environmental  samples 


The  interactions  of  aerobic  and  anaerobic 
bacteria  in  aquatic  sediments  are  extremely  com¬ 
plex  |1|  Methane-oxidising  bacteria  occupy  an 
extremely  important  niche  in  biogeochemical  cy¬ 
cling  |2|  Recent  studies  (3|  have  shown  that  a 
large  proportion  of  the  complex  carbon  polymers 
produced  during  photosynthesis  is  anaerobically 
degraded  in  sediments  by  consortia  of  micro¬ 
organisms  to  yield  methane  The  methane  pro¬ 
duced  is  mineralized  to  carbon  dioxide  at  micro- 
aerophilic  sites  by  a  group  of  methane-oxidizing 
organisms  that  may  he  important  tti  nitrogen  fixa¬ 
tion  (4).  The  estimated  1  -  1 09f  of  the  methane  that 
escapes  into  the  atmosphere  is  extremely  im¬ 
portant  in  the  greenhouse  effect  1 5 J.  Recognition 
of  these  facts  suggests  that  methods  to  identify 
and  quantify  the  presence  of  methane-oxidizing 
bacteria  would  be  extremely  useful 

Biochemical  methods  that  quantitatively  re¬ 
cover  and  measure  cellular  components  have  been 
successfully  applied  to  a  wide  range  of  environ¬ 
mental  samples  Microbial  biomass  and  commun¬ 
ity  structure  can  be  dcteimined  by  measuring 
piopeities  common  to  all  cells  and  identifying 
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ypcciltc  sign.itmc  *ii  Imilopal  tnaikci  lipids  ic 
vpoctivelv  |6  *^|  I  lie  advantages  of  eheime.il  pro 
eciluies.  when  compared  with  classical  cnunicra 
lion  procedures.  have  been  described  |6| 

Specific  signature  lipid  components  have  been 
reported  for  a  number  of  metabolic  groups  of 
anaerobic  bacteria.  The  methane-producing 
bacteria  contain  di-  and  letra-phytanyl  glycerol 
ether  phospholipids  |I0|.  The  potential  for  the 
analysis  of  ether  lipids  has  been  demonstrated  )  1 1 ) 
Similarly  biological  marker  branched  chain  mono- 
unsaturated  and  midchain  methyl  branched  fatty 
acids  have  been  found  in  sulphate-reducing 
bacteria  [12.13|. 

The  methane  oxidizers  or  methylotrophic 
bacteria  utilize  methane  and  have  been  detected  in 
a  variety  of  natural  environments  J 14).  In  the  few 
reports  available  on  the  lipid  composition  of  metli- 
ylotrophs.  a  number  of  unusual  lipid  components 
has  been  noted  in  the  extensive  membrane  systems 
in  these  bacteria  |15).  Methane  oxidizers  have  been 
classified  into  two  groups  (16|  on  the  basis  of  the 
type  of  inlracytoplasmic  membranes  they  possess 
and  of  the  metabolic  pathway  for  the  utilization  of 
C,  compounds.  4-Methyl  and  4.4-dimethyl  sterols 
containing  an  unusual  ring  double  bond  at  the 
A**'4'  position  were  isolated  from  Methvlococcus 
capsulaius  (17).  Makula  [18],  in  the  first  report  of 
double  bond  positional  isomers  in  both  group  1 
and  II  methane-utilizing  bacteria,  delected  as  and 
trans  d\  d9.  d10  and  dn  monounsaturated  fatty 
acids  in  4  organisms. 

The  overall  aim  of  this  study  was  to  provide 
specific  lipid  components  which  may  be  used  to 
monitor  for  methane-oxidizing  bacteria  in 
manipulated  laboratory  and  field  samples.  The 
normal  and  nonhydroxy  fatty  acid  composition  of 
three  methylotrophs  is  reported  here,  to  extend  the 
range  of  signature  lipids  for  this  group  of 
organisms. 


3.  MATERIALS  AND  METHODS 

J.  /.  Bacteria  and  culture  conditions 

Methylonionax  sp.  strain  761  was  isolated  from 
a  pond  in  a  rice  field  in  South  China  |I9]  Ibis 
bacterium  is  an  unusual  type  I  methanol roph  that 


.inmiihI. it**  I. u muldchxdc  u.i  | lx.-  hcxulosc  mono¬ 
phosphate  pathway  but.  unlike  nilici  type  I  nielli- 
\lii(i*<phv  ii  possesses  a  complete  (iicarboxytic 
.H  id  *  \cle  |2<l|  (  ells  were  grown  with  methane  as 
ill*-  sole  carbon  and  energy  souice  |2<l| 

Mb  uryiinopliiluin  strains  XX  and  R(i.  are 
facultative  type  II  meihanotroplis.  and  were  grown 
in  AMS  basal  salts  medium  |2I|  with  an  atmo¬ 
sphere  of  methane  and  air  (1:4.  v :  v>  or  with 
methanol  (0.  IT.  w  :  v)  m  the  absence  of  methane. 

M\  truliiis/ionuin  01131}  1 22 1.  was  grown  in  the 
AMS  medium  under  the  same  conditions  as  Mb 

inyanopluluni  XX. 

All  cultures  svere  grown  at  30° C  and  harvested 
bv  centrifugation  at  10000  x  y  for  13  min  (4°C)  in 
an  RC-3  superspeed  refrigerated  centrifuge 
(Dupont  Instruments  Co..  Newton.  C7 )  and 
washed  twice  in  potassium  phosphate  buffer.  pH 
7.0.  by  centrifugation 

I  J  l.ipid  extraction  and  fractionation 

Lipids  were  extracted  with  CHC1  ,-MeOH  (2 : 1; 
\ / v )  from  lyophihzed  cells  (50  -100  mg)  in  glass 
lest  tubes  fitted  with  teflon-lined  screw  caps.  The 
extraction  was  repeated  and  the  combined  extracts 
were  partitioned  with  distilled  water.  The  lower 
CHCI,  layer,  containing  the  total  lipid  material, 
was  collected.  Total  lipid  was  separated  into  3 
general  classes:  neutral,  glyco-  and  phospholipid, 
bv  silicic  acid  column  chromatography  [23.24], 
The  fractions  were  collected  in  test  tubes,  dried 
under  a  stream  of  nitrogen,  and  stored  at  -  20°C 
until  further  analysis.  The  nnld  alkaline  methano- 
Ivsis  procedure  [25]  was  applied  to  the  phospholi- 
pid-contauung  methanol  fraction.  Lipopolysac- 
charidc  (LPS)  normal  and  hydroxy  fatty  acids 
were  obtained  from  the  solvent-extracted  cellular 
residue  using  the  method  described  by  Moss  (26). 

t  .<  Gas  chromatoyraphy 

I'attv  acid  methyl  ester  samples  were  taken  up 
in  hexane  with  mcthylnonadccanoatc  ( 19  : 0)  as  the 
internal  standard.  Initial  identification  of  individ¬ 
ual  normal  and  hydroxy  (as  the  corresponding 
I  MSi  ethers)  fatty  acid  components  was  per- 
fotmed  bv  high  resolution  gas  chromatography 
using  a  Hewlett  Packard  SK80A  gas  chromato¬ 
graph  equipped  with  a  flame  ionization  detector. 
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Samples  well'  lll|l\  U'll  .11  XII  (  III  till-  spllllcss 
IIIOlIc  011  .1  IIOII-pol.ll  .  OOsshllkcd  IIK'lhvI  mIiioiH' 
capillary  column  ( St  I  m  -  (I’  mm  ml.  Hewlett 
Packard)  I  lie  oven  was  temper. lime  piogiamincd 
from  50"('  to  I  <>()"(.'  at  V’(  per  mm.  then  .n  2"C 
per  mm  to  100o<.\  Hydrogen  was  used  as  the 
carrier  gas. 

Tentative  peak  identification,  prior  to  GC  MS 
analysis,  was  based  on  comparison  of  retention 
times  with  data  for  standards  obtained  from 
Supelco  Inc.  (Hellefonte.  I’A)  and  Applied  Science 
Laboratories  Inc.  (State  College.  PA)  and  previ¬ 
ously  identified  laboratory  standards.  Peak  areas 
were  quantified  using  a  Hewlett  Packard  .1.150 
series  programmable  laboratory  data  system  oper¬ 
ated  in  an  internal  standard  program  Replicate 
analyses  were  performed  for  Aft  truhosponum 
and  Mb  organophtlum  XX  (grown  on  methane 
and  methanol).  Fatty  acid  compositional  data  re¬ 
ported  for  these  3  samples  is  the  mean  of  the  2 
analyses.  Standard  deviations  for  individual  fatty 
acids  were  in  the  range  0  30%.  typically  <  5%. 

3.  4  Gas  chromatography  -  mass  spectrometry 

CiC-MS  analyses  were  performed  on  a  Hewlett 
Packard  5995A  system  fitted  with  a  direct  capillary 
inlet.  The  same  column  type  as  the  one  described 
above  was  used  for  analyses.  Samples  were  in¬ 
jected  in  the  splitless  mode  at  100°C  and  the  oven 
was  programmed  from  100°C  to  300°C  at  4°C  per 
min.  Hydrogen  was  used  as  the  carrier  gas.  MS 
operating  parameters  (peak  finder  and  SIM  modes) 
were:  electron  multiplier  1400  or  1600  V,  transfer 
line  1(K)°C.  source  and  analyser  250°C,  autotune 
file  DFvFPP  normalized,  optics  tuned  at  m/z  502. 
MS  peak  detect  threshold  =  300  triggered  on  total 
ion  abundance,  electron  impact  energy  =  70  eV. 

3.5.  Determination  of  fatty  acid  double  bond  con¬ 
figuration 

Monounsaturated  fatly  acid  methyl  esters  were 
converted  to  their  corresponding  diols  by  reaction 
with  osmium  tetroxide  followed  by  the  previously 
reported  sample  work-up  (24.2  7|.  GC-MS  analysts 
of  the  bis-irimethylsilyl  ether  derivatives  of  the 
dihvdrow  fatty  acids  showed  major  tons  attributa¬ 
ble  to  fragmentation  between  the  dcrivalized  hv- 
droxy  groups  { I  able  I).  Discrimination  between 
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cis  and  trims  geometry  of  the  double  bond  in  the 
original  monoenoic  fatly  acid  methyl  ester  is  possi¬ 
ble  using  the  ditrunethylsilyl  derivatives.  The 
crythro  isomer  (originally  the  as  fatty  acid)  elutes 
after  the  threo  isomer  (originally  the  irons  fatty 
acid).  The  different  positional  isomers  of  the  same 
geometry  were  chromatographically  separated  un¬ 
der  the  GC-  MS  conditions  used  in  this  studv 

3.(5.  rally  acid  nomenclature 

Fatty  acids  are  designated  as  total  number  of 
carbon  atoms:  number  of  double  bonds  followed 
by  the  position  of  die  double  bond  from  the 
b>(ahphatic)  end  of  the  molecule.  The  prefixes  i 
and  a  refer  to  iso  and  antciso  branching  respec¬ 
tively  and  the  prefix  OH  indicates  a  hydroxy  group 
at  the  position  indicated.  The  suffixes  e  and  t 
indicate  as  and  irons  The  d  nomenclature  system 
for  falls  acids  indicates  the  position  of  the  double 
bond  from  the  carboxvl  end  of  the  molecule 
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normal  and  LI’S  normal  and  hydroxy  fatty  acids  4.2  Neutral  Itpul  campancni\ 
in  Meihylosinus  tnchosponum  and  Methytob-  A  number  of  unidentified  cyclic  components 

aelerium  organophilum  XX  grown  on  both  methane  was  detected,  by  (iC  and  (JC  MS  analysis,  in  the 

and  methanol  (Tables  I,  2  and  3)  were  essentially  neutral  lipid-containing  chloroform  fraction.  Fur- 

equivalent.  The  phospholipid  normal  fatty  acids  (her  work  is  planned  to  determine  the  structure  of 

were  in  the  range  45-60  /imol/g  (dry  weight  basis)  these  components  and  to  assess  their  potential  to 

for  the  two  bacteria.  This  is  typical  of  many  act  as  signatures  for  these  methylotrophs. 

eubacteria  (28].  The  concentrations  of  LPS  normal 

and  hydroxy  fatty  acids  in  these  two  organisms  4.i.  Extractable  normal  fatty  acids 
were  determined  to  be  between  0.35-0.55%  and  The  phospholipid  ester-linked  fatly  acid  pro- 

0.12-0.77%,  respectively,  of  the  phospholipid  es-  files  of  the  5  cultures  of  methane  oxidizers  fall  in 

tcr-linked  normal  fatly  acids.  Phospholipid  hy-  the  14- 19-carbon  range  (Table  2)  typically  found 

droxy  fatty  acids  were  not  detected  in  any  of  the  in  bacteria  (29,30).  The  3  species  analysed  each 

bacteria  analysed.  showed  distinctive  fatty  acid  profiles,  with  several 


Table  2 

Extractable  normal  (atty  acids  of  methane-oxidizing  bacteria 

M.  tnchosponum  and  M.  organophilum,  grown  on  methane,  also  contained  trace  amounts  of  i  and  at  $  0  and  17:0.  Methylomonas  sp. 
(unfractionated  lipids  analysed)  also  contained  TR  amounts  of  14:1  (2  isomers)  and  15:0  (0  8%) 


Fatty 

Percentage  composition  a 

acid 

Type  1 

Type  It 

Methylomonas 
sp  761 

(Methane  %) 

Meihylosinus 
trichosponum  0B3B 

(Methane) 

M  ethylobactfnum 
organophilum  XX 

(Methane) 

(Methanol) 

Melhylohocierium 
organophtlum  RG 

(Methane) 

14:0 

17  9 

TR 

TR 

- 

- 

16riw9c 

TR 

- 

- 

- 

- 

16:lw8c 

300 

- 

- 

- 

- 

16:  l«8l 

15 

- 

- 

- 

- 

16 :  Iw7c 

178 

90 

TR 

TR 

- 

I6:lu7t 

5  6 

1.1 

- 

- 

- 

16:  lu5c 

16.3 

- 

- 

- 

- 

16 :  lu5t 

02 

- 

- 

- 

- 

16:0 

7.0 

1.6 

16 

2.2 

2.4 

17:  lode* 

- 

TR 

- 

- 

- 

17:0 

- 

- 

06 

0  3 

10 

18 :  1«j9c 

0.3 

- 

04 

TR 

06 

18:  l«8c 

- 

49.2 

- 

- 

- 

U-.Ui8i 

- 

9  3 

- 

- 

- 

18 :  lw7c 

1.5 

25.1 

89  3 

86  7 

83  7 

18 :  lw7t 

- 

2  0 

3  3 

34 

18 

18 :  1«j6c 

- 

1.9 

- 

- 

- 

18:0 

05 

0  8 

50 

7  4 

104 

cts/ Irons 

Total 

9.0 

6.9 

27.7 

25.5 

46  R 

|t  mol/g  ' 

ND 

45 

60 

66 

NO 

TR  trace  <0.1%; 

ND,  not  determined 

*  Fatty  acid  composition  is  expressed  in  terms  of  the  percentage  of  total  acids 
**  Carbon  source 

*  Dry  weight  basis 


novel  components  detected  in  Ms.  iru  hosponum 
and  Methyhmwnas  sp.  (  I  aide  2) 

Ms.  truhosponum  contained  liigiter  relative 
levels  (approx.  90%  of  the  total  fatty  acids)  of  IX 
carbon  monounsnturated  components  (Table  2). 
The  acids  in  decreasing  order  of  abundance  were: 
18  :  I<j8c.  18  :  lu7c,  18  :  lw8t.  18  :  l<o7t  and 
18:  1<j6c.  Positive  identification  of  these  compo¬ 
nents,  in  particular  the  rarely  reported  8  and  6 
isomers,  was  only  possible  after  derivatization  of 
the  parent  acids  and  subsequent  analysis  of  the 
products  by  GC-MS. 

Methylomonas  sp.  761.  the  only  group  i 
organism  analysed  in  this  study,  was  readily  dis¬ 
tinguished  from  the  group  II  bacteria  (Table  2). 
This  bacterium  contained  a  high  relative  abun¬ 
dance  of  16  carbon  monounsaturated  components 
(71%  of  the  total  fatty  acids),  in  contrast  to  the 
major  proportions  of  18  carbon  monounsaturates 
present  in  the  group  II  bacteria  Mb.  organophilum 


(both  'll. nils)  and  S1\  unlunpoiium  The  mono- 
mis. Km .nes  found  in  Mcthvlonumas  sp  m  decreas¬ 
ing  order  of  abundance  were:  16:  IojKc.  16  :  lo7c. 
16  :  !<j5c.  16  :  lu7t.  16  :  luKt.  16  :  lu>5t  and 

16:  lto9c.  The  saturated  acid  14:0.  not  present  in 
either  group  II  organism,  was  also  a  major  compo¬ 
nent  (18%  of  the  total  acids)  in  Methylomonas  sp. 

The  phospholipid  fatty  acid  profiles  obtained 
for  Mb.  organophilum  XX  grown  on  either  methane 
or  methanol  and  Mb.  organophilum  RG  were  gen¬ 
erally  very  similar  (Table  2).  The  18  carbon  mono- 
unsaturatc  18:  lu7c.  which  is  characteristic  of  the 
anaerobic  desaturase  biosynthetic  pathway,  was 
the  dominant  acid  in  all  analyses  (85-90%  of  the 
total  fatty  acids).  The  next  most  abundant 
components  were  18:0.  I8:lu7t  and  16:0.  The 
fatty  acid  profile  obtained  for  Mb.  organophilum 
was  simpler  than  that  obtained  for  the  other  2 
organisms,  with  only  the  4  acids  listed  above  pre¬ 
sent  at  greater  than  1%  of  the  fatly  acids. 


Table  3 

Lipopolysaccharide  normal  fatly  acid  composition  of  methane-oxidizing  bacteria 


Fally 

acid 

Percentage  composition  * 

Type  1 

Type  II 

Methylomonas 
sp.  761 

Methylosinus 
trichosporium  0D3B 

M  ethylohac/enum 
organophilum  XX 

Methylobacterium 
organophilum  RG 

(Methane  fc) 

(Methane) 

(Methane) 

(Methanol) 

Methane) 

14.0 

6.2 

7.1 

5.0 

II 

- 

ilS :  0 

- 

3.9 

4.5 

- 

- 

•15:0 

- 

11.0 

2.8 

- 

- 

15:0 

2.2 

0.3 

0  8 

- 

- 

•  16:0 

- 

4.7 

04 

0.3 

- 

16 :  Iw7c 

- 

7.0 

09 

1.9 

_ 

16.  Iu7i 

- 

TR 

TR 

- 

- 

16:0 

56.7 

8.7 

4.3 

1.0 

4  7 

IR.-luttc 

- 

36.0 

_ 

_ 

18:  IwSl 

- 

15  6 

- 

- 

- 

ts :  lu7c 

- 

8.2 

69  0 

79  0 

796 

IS:  !u7i 

- 

_ 

3  8 

4  5 

69 

18:0 

32.7 

2.7 

8.8 

9  9 

8  8 

Total 

nmof/g  • 

NO 

40 

55 

36 

Nt> 

Ctrhort  source. 

*  Dry  weight  hasis 
NO.  not  determined; 


TR.  trace  <0.1T 


\  *2 


I  .iMt'  4 

I  Ii.ii  nil*  livtlroxv  f.tlls  .Uhl  i<tinpn\iii<iu  nl  methane  i»\iih/mg  h.ii  icfi.i 


i  MW 

IVr coinage  in 

•  1 1 1 1 '4  *\l  l  |l  *  1 1 

.K  ul 

1  \|H‘  1 

1  \  |-V  1  1 

A/rr/n  hitnnttti 

i  \1fih\ltt\iuu\ 

l/l'f/l  1  h  if  hit  ll't 

tlltll 

Mffhi  /ithii,  h  fllttn 

sp  761 

tru  /liM/tf'HMHI  (Mil  It 

'•/  gurixfi/u/imi 

\\ 

iphihun  IU 

( Methane) 

( Methane) 

(  Methane) 

( Moth. mnl) 

Methane) 

/Mill  14 

0 

IK 

S9  1 

sr.  t 

SI  K 

p  Oil  If- 

0 

99  9 

|4  ^ 

1  4 

l  2 

1 1 

/l-OII  IX 
Total 

\) 

X5  1 

w  s 

42  7 

44  4 

nmol/g ' 

NI) 

77 

19 

12 

NI) 

*  Hydroxy  fatty  actd  composition  expressed  in  terms  of  the  percentage  of  total  hvdroxs  acids 
h  Carbon  source 
'  t>r\  weight  basis 

TH.  trace.  <01^;  NI).  not  determined 


4. 4.  LPS  normal  fatly  acids 

The  LI’S  normal  fatly  acid  profiles  obtained  for 
M.  organophilum  and  Ms.  trichosporium  were  simi¬ 
lar  to  the  phospholipid  profiles,  although  slight 
differences  were  apparent  (Table  3)  In  contrast. 
Methylomonas  sp.,  which  contained  substantial 
amounts  of  16  carbon  monounsaturates  in  its  ex¬ 
tractable  fatty  acids,  showed  only  saturated 
straight-chain  LPS  fatly  acids. 

4.5.  LPS  hydroxy  fatty  acids 

LPS  hydroxy  fatty  acids  were  detected  in  all  3 
species  (Table  4).  These  findings,  to  our  know¬ 
ledge,  represent  only  the  second  report  of  /7-hv- 
droxyicids  in  melhane-oxidi7.ing  bacteria  and  fur¬ 
ther  extends  the  range  of  Gram-negative  organisms 
in  which  /3-OH  acids  are  found.  In  a  previous 
study  (35|.  /?-hydroxy  acids  were  not  detected  in 
Ms.  trichosporium  or  Mb  organoplulum  (35|.  The 
latter  organism  contained  fl-Oli  14  :0  The  con¬ 
stituent  hydroxy  acids  of  Methylomonas  sp.  have 
not  been  previously  reported.  The  three  /?-()!) 
acids  detected  in  this  study  were  ft -OH  14:0. 
/?-OH  16  :0  and  /3-OM  18:0.  The  3  genera  analysed 
were  readily  separated  based  on  the  relative  levels 
of  the  3  fl-OH  acids  (Table  4) 


5.  DISCUSSION 

The  extractable  normal  fatty  acids  and  LPS 
normal  and  hydroxy  fattv  acids  have  been  analysed 
in  detail  using  capillary  GC  and  GC-MS  Mem¬ 
bers  of  the  genera  Mcihylosinus.  Meihylohacterium 
and  Methylomonas  have  been  distinguished  based 
on  the  profiles  obtained.  The  finding  of  a  number 
of  novel  fatty  acids.  18  lu>8c.  18:  lu>8t.  18:  1  co7t 
and  18:  lu6c  in  Ms  trichosporium  is  in  accord 
with  previous  work  by  Makula  |18).  He  detected 
both  as  and  irons  isomers  in  four  organisms, 
including  Ms.  trichosporium,  each  of  which  con¬ 
tained  *3".  <3*.  d"’  and  <3"  double  bond  positional 
isomers.  The  double  bond  positions  determined  in 
the  previous  study  were  expressed  in  terms  of  the 
total  dtcarboxylic  fragments  obtained  after  per¬ 
manganate-periodate  oxidation  of  combined  16 
and  18  carbon  monoun saturated  components. 
Thus,  direct  comparison  of  the  two  analyses  is 
difficult  A  higher  proportion  of  irons  acids  was 
noted  in  Ms  trichosporium  by  Makula  ( I  8 1  than  in 
our  analysis.  Variations  in  the  methodology  or 
more  probably  culture  conditions  (31.32|  may 
account  for  tins  trend 

The  fans  acid  profile  of  the  type  I  methylo- 
tiopli.  Methylomonas  sp  .  was  similar  to  that  re¬ 
ported  for  Mclhylot'occus  ntpsulnlin  1 18,33.34)  A 


ilixlnic  lion  cl  tvpo  I  limn  t\pc  II  nictliylclic|i!c 
appears  probable  based  nil  I  lie  higher  eoncenli.i 
lion  o!  16  carbon  incncunsaiurales  m  type  I 
haclcria.  I  lie  separation  of  metliane-uiili/mg 
hacicria  into  I  wo  groups  based  on  cellular  falls 
acids  has  been  reported  |35|  Those  authors  pro¬ 
posed  llial  the  groupings  showed  a  good  correla¬ 
tion  to  the  membrane  type,  resting  stage  and  I)N  A 
base  composition  of  methane-utilizing  bacteria  re¬ 
ported  by  Whiitcnburv  el  al.  [22|. 

Methanol-utilizing  bacteria  have  been  previ¬ 
ously  distinguished  based  on  their  fatty  acid  com¬ 
positions.  Bacteria  utilizing  methanol  via  the  serine 
pathway  (type  11)  contained  between  68-88%  of 
the  esterificd  fatly  acid  as  18-carbon  monoenoics. 
whilst  bacteria  using  the  ribulosc  monophosphate 
pathway  (type  I)  contained  higher  portions  of 
16-carbon  monounsaturates  (36).  Although  the 
reasons  for  the  differences  in  both  phospholipid 
and  fatty  acid  compositions  were  unknown,  the 
authors  suggested  that  the  differences  may  serve  as 
another  criterion  for  the  classification  of  these 
bacteria.  The  distinction  of  type  l  and  II  melhyl- 
olrophs  represents  another  example  of  the  useful¬ 
ness  of  lipids,  in  particular  fatty  acids,  for  the 
classification  of  bacteria. 

In  the  past,  rra/rj-monounsaturated  acids  have 
often  been  reported  by  organic  geochemists  in 
recent  marine  sediments.  It  has  been  proposed  that 
these  components  originate  from  microbial  and/or 
abiological  degradation  of  m-mono-  and  polyun¬ 
saturated  fatty  acids  (37-39|,  or  from  direct 
bacterial  input  (7,8,40).  The  presence  of  significant 
portions  of  trans  monounsaturaled  acids  in  a 
marine'bacterial  isolate  (41).  rumen  bacteria  (42). 
Methylosinus  trichosporium,  Methvlococcus  capsul- 
atus  (18),  and  in  the  meihylotrophs  analysed  in 
this  study  is  consistent  with  the  view  that  a  direct 
microbial  input  of  trans  acids  may  occur. 

The  analyses  reported  here  have  revealed  a 
number  of  features,  (i)  The  3  bacteria  studied  were 
readily  distinguished,  particularly  when  structural 
verification  of  component  monounsaturaled  fatty 
acids  was  undertaken,  (ii)  The  distinction  of  type  I 
and  II  meihylotrophs  is  possible  based  on  fatty 
acid  compositional  data  (this  study  and  ( 1 8.35 1). 
(iii)  LPS  /Miydroxy  fatty  acids  were  detected  in  all 
organisms,  further  extending  the  range  of  (Irani- 


hi 

i ng.it n  i’  "i (Miimni ^  iii  w  hit  1 1  i Ik'-c  soiupoiicnls  ate 

luuiul  (iv)  Scsci.il  imulcntilicil  cslIk  components 
woe  found  in  (lie  neutral  lipid  fractions  of  all 
organisms  studied  (\|  turns  Tails  acids  were  de¬ 
tected  in  all  samples  togctlici  with  sesei.il  novel  ti\ 
components  Methane-oxidi/mg  haiten.i  represent 
a  probable  source  of  these  specific  signature  com¬ 
ponents  in  sedmientais  environments  Methylo- 
troplis  are  known  to  pariicipaic  in  the  biotransfor- 
mation  of  environmental  contaminants,  such  as 
short  chain  chlorinated  hydrocarbons  |43.44)  The 
data  presented  here  suggest  that  unique  signatures 
may  serve  as  a  screen  for  these  organisms  in 
manipulated  laboratory  and  environmental  sam¬ 
ples. 
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The  phospholipid  ester-linked  I'miy  acids  were  examined  in  loin  Dexul/oluuier  strains  (2ac9, 
Aclia,  .lac  1(1  and  4acll),  a  l)rsulfotwc,vr-\ikc  Tat  vihno'  (AcKo)  and  Dettdloiotino  idwn 
oceln.Tit/on.t  (5575),  which  are  all  sulphate-reducing  bacteria  that  oxidize  acetate  A  thermophilic 
sulphate  reducer,  Dexu/Jorihrio  iliermoplnltt.s,  and  two  sulphur-reducing  bacteria.  Desulliiniitumos 
ocetoxidwis  (11070)  and  a  i'ontpvlohoeter- like  spoilhim  (51 75),  were  also  studied  I  lie 
Destd/obacler  spp.  were  characteri/ed  by  significant  quantities  ol  10-nieiliylliex.idecaiioic  acid 
Other  10-iiicihyl  fatty  acids  were  also  detected  in  l)e\id/oboeler  spp  No  10-utclhyl  latty  acids 
were  detected  in  the  other  organisms  examined,  suppolling  the  use  of  10-nieiliylliexadecanoic 
acid  as  a  biomarker  lor  Deudlohoctcr  High  levels  of  cyclopropyl  laity  acids,  including  two 
isomers  of  both  methylenehexadccanoic  (cyl  7  :())  and  mcthylencheptadccanoic  IcylH  0)  acids, 
were  also  characteristic  of  Deod (oboe  ter  spp.  flic  inllucnce  ol  the  volatile  fatty  acids  (VI  A) 
propionate,  isobutyratc,  isovalerale  and  2-metliylbulyiale  on  the  lipid  fatty  acid  distribution 
was  studied  with  two  De.ud/oboeter  strains  (2ac9,  Aclla)  and  Deudlotomoeidum  ocetotulanx 
Although  these  sulphate  reducers  cannot  oxidize  the  VI  A,  their  presence  m  the  acetate  growth 
medium  caused  a  shift  in  (lie  fatty  acid  distribution  in  favour  of  odd-numbered  and  branched 
chains  by  apparent  direct  incorporation  into  the  fatly  acids  as  chain  initiators  flic  Dexul/obot  ter 
strains  were  distinguished  Irom  other  sulphide-forming  bacteria  by  the  percentage  ol 
unsaturated  and  the  percentage  of  branched  fatty  acids 


INTRODUCTION 


Sulphate-reducing  bacteria  perform  the  terminal  pioccss  in  anaerobic  degradation  ol  oigatiic 
matter  in  aquatic  environments.  These  bacteria  oxidize  low-A/,  compounds  tormed  by 
fermentative  bacteria  and  use  sulphate  as  terminal  acceptor,  the  sulphate  being  icduccd  to 
sulphide.  In  sulphate-rich  habitats  such  as  marine  sediments,  mote  than  halt  ol  the  incoming 
detritus  may  be  mineralized  vi.i  sulphate  reduction  ( Jnigcnscn,  I 97  7.  1982 .  Sansonc  At  Mai  tens, 
1 982).  If  sulphate  is  absent  or  limiting,  as  in  most  licshw.net  sediments,  the  ieiiiim.il 
degradation  step  is  taken  over  by  melhanogcnic  bacteria  and  then  syiitropluc  p.ulneis  (II. mat  A 
Ncdwcll,  1983,  Winfrey  X t  Zcikus.  1977,  Stieb  A  Scliink.  I 'IKS)  Molecular  hydrogen  and  acetate 
arc  the  two  key  intermediates  via  which  dead  biomass  (iieciontass)  is  channelled  into  either 
sulphate  reduction  or  niethaiiogenesis  (l.oveley  el  ol  .  1982,  Sniensen  el  ol  ,  1981  .  Wmliey  \ 
Zeiktis,  1977).  Dexitl/oeibrto  spp  and  De\tdlobtdho\  spp  aic  potentially  hydrogen-scavenging 
sulphate  reducers  in  nature  (Hi.mdis  A  I  hatter,  1981  .  K  iisii.msson  et  ol  .  198?  ,  I  avlot  A  Pat  kcs. 
1985).  Ill  the  laboratory.  Deo  d/orthno  sp|>  tire  it  su.t  1 1  \  cultivated  on  laclale  (I'ostg.ite.  198-1), 
which  is  probably  not  a  ma|oi  auaeiobic  inlet  mediate  mulct  naltiral  conilitioiis  Acetate  is 
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oxidized  l»y  vjimux  xulpluitc  icducmg  h:iclcn;i  (I’lcimig  ,  t  ul  .  1981).  howovc!.  only  .1  lew 
X|H'I  ICX  ol  these,  tuimelv  DcmiIIuIhu  in  spp  .Mid  Dcnil/tUi'iniu  iiluni  m  ,  lmnl,ni\.  umIIv  prow  well 
on  ;ieel;ile  (Widdel  St  Plcnmg.  1977.  1981  u.  />)  .mil  m:iy.  lliereloie.  I>e  sigmlic:ml  iicol.ttc 
oxidi/cts  under  n;i(iii:il  conditions  Dcsullnhat  ter  poMgoici  exlnhtls  ;i  high  .illimly  lot  acetate 
(Sdidulieit  ct  til .  1982;  Ingviu sen  <7  ill. .  1 98-1  (  Dcsultoluu  (it  spp  usually  do  not  utilise  hyd logon, 
whctcas  Ocsultovihrio  spp  :nv'  **  utllohulbiu  spp  cannot  oxidize  acetate  I  Ims,  thctc  arc 
apparently  lunclioiially  tlisl •  ,»c  groups  ol  siilpliate-rcdiicmg  hacleiia  (Itanat  ft  ol .  1981) 

II  elemental  sulphur  is  (  esent.  (his  may  he  used  as  terminal  acceptor  hv  sulphur-reducing 
bacteria  (Jorgensen.  1982;  mitli  A  King.  1981)  Mcsophilic.  eubaeteiial  sulpliui  reducers  that 
oxidize  hydrogen  arc  repi  scnlcrl  by  ( 'iiiii/uliiboctir\ikc  spirilla  (Wolle  St  I’leniug.  1977; 
Pfennig  St  llichl.  1981).  anil  sulphur  reducers  dial  oxidize  acetate  by  l)c sulfur  onumas  spp. 
(Pfennig  St  llichl.  1976.  1981 1 

Quantitative  assay  ol  bacterial  biomass  anil  commomlv  strncluie  in  marine  or  other 
sediments  tct|uircs  methods  that  avoir)  the  problems  associated  with  iprantitative  recovery  of 
bacteria  from  surfaces  and  selective  culturing  procedures  (While.  1981)  decent  work  has  shown 
that  (ally  acid  analysis  may  be  a  powerful  tool  in  the  interpretation  of  microbial  community 
structure  (Bobbie  St  While,  1980)  as  well  as  in  microbial  taxonomy  (Minnikin  e/n/.,  1978).  Pew 
articles  detail  the  lipids  of  (lie  sulphide-forming  cubactcria.  most  being  concerned  with  the 
lactate-  or  hydrogen-utilizing  sulphate-reducing  bacteria  (i.c.  Dcsulfovihrio  spp.  and 
Dcxulfatuniaculuiii  spp  ).  which  commonly  exhibit  branched  tnonocnoic  1 7 -carbon  fatty  acids  as 
major  components  (Makula  A  Pinncrtv.  1974.  1975;  Ucki  St  Snto.  1979;  P.rllund  ct  al.,  1985; 
Hoon  ft  nl.,  1977).  Taylor  A  Parkcs  (198.1)  investigated  the  cellular  fatty  acids  of  a  Dcsulfohactcr 
sp.  (strain  lac  I  (I)  utilizing  acetate,  a  Dcsulfihulhus  sp.  (strain  IprlO)  able  to  utilize  propionate, 
hydrogen  or  lactate,  and  a  Dcsul/orihrin  dcsulfuricons  strain.  The  Dcsulfohactcr  strain  exhibited 
high  proportions  of  lO-mcthylhexadccanoic  acid  (lOMclb :()).  which  had  previously  been 
observed  in  anoxic  marine  sediments  (Volktnan  ct  at..  1980;  Parkcs  A  Taylor.  198.1;  Perry  ct  at., 
1979).  because  of  its  absence  in  Desol fohul/ms  and  Dcsulfovihrio,  M)Mcl6:0  was  proposed  as  a 
biomarkcr  for  Dcsulfohactcr  spp.  in  these  environments.  Hitherto,  saturated  l()-melliyl  fatty 
acids  have  only  been  observed  in  aclinomycctcs  and  related  taxa  (Kroppcnslcdt  A  Kutzner. 
1978) 

In  this  study,  we  examined  other  Dcsulfohactcr  strains  for  10Mcl6 :0  to  determine  if  it  could 
be  of  use  as  a  more  general  biomarkcr  lor  that  genus  The  hydrogen-  or  lactate-utilizing 
thermophilic  Dcsulfovihrio  thcrniophilus  (Rozanova  A  Khudyakova.  1974)  was  included  in  the 
study  in  order  to  compare  its  phospholipid  fatty  acids  with  those  of  mcsophilic  Dcsulfovihrio  spp. 
Two  representatives  of  sulphur  reducers  were  also  examined  the  hydrogen-oxidizing 
Comp) lohocfrr- like  spirillum  5175  (Wolle  A  Pfennig.  1977)  and  the  acetate-oxidizing 
Dcsutfuronioiuis  occiositloiis  (Pfennig  A  llichl.  1976)  I  he  cH'ccls  of  supplementing  the  culture 
medium  with  volatile  fatty  acids  (not  required  for  growth)  on  the  phospholipid  fatly  acids  of 
three  acetate-utilizing  strains  were  also  investigated 

Millions 

tUu  lcruil .Mrtwn  ntul  vulture  trtefluuh  1  he  origins  and  nutritional  capacities  ol  all  (lie  strains  ciammcd  arc  listed 
in  Table  \ 

The  'fat  vibrio* strain  AcKo  is  a  new  isolate  from  an  ammonia  limited  freshwater  enrichment  on  acetate  Strain 
AcKo  resembles  ter  /vMifiifc/  in  that  it  uses «»ol\  acetate  as  electron  donor  and  its  grow  ih  is  stimulatc<l  in 

hrackish  media,  however.  AcKo  has  motile  lal  vihnnsltapcd  cells,  whereas  />« -tuffo/nn  ter  cells  ate  oval  to  rod- 
shaped  and  scarcely  motile  in  pure  cultures 

I  he  strains  were  grown  in  anacinbiv  2  litre  natch  ciihmcs  in  bn  arhonatc  hidtoiod  media  i educed  w  till  sulphide 
anrl  dithionile  as  described  bv  Pfennig  et  it/  (l*)HI)  I  lie  rubber -scaled  culture  bodies  li;ul  a  small  gas  phase  of 
|<>  2n*ilv/v)('Ox  in  N.  I  lie  media  were  supplemented  with  vitamins,  but  couiaincd  no \e.ist  extract,  chelating 
agents  or  redos  indicator  lor  /)eui/fiuthrto  tlurt}u*plulu\.  bitarKmalo  was  omitted  and  the  phosphate 
concentration  was  increased  front  It  2  to  t»  K  g  KII.PO,  I  *  I  he  strains  rc<|niicd  ddlcrent  concentrations  of  Na(  I 
and  Mg(  I .  Ml  .O  in  their  media  (or  optimal  grow  th  .  the  respect  iso  com  cut  rations  wvio  as  follows  (g  I  * )  I  <1  and 
0  5  for  t)e%i*ff«*t*utuu  uturu  in  eh*M»/tiu%.  /)(,iii//i<i  i/'fid  i/i#riiM^/ii/m  amt  spiuUum  M  7S  7  O  and  I  ?  Im  l>«vi//i»/vit  /cf 
pMlgirtn  »ml  the  l»l  vibrio  AcKo.  ?t>0aml  tttlor  l>e\ul/un»tu»tit*  tit  eto\ui*tu\  and  I  he  r.rsdams  AcH*. 
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JaclOaml  •lucl  I  Media  Iih  sulphate  mlmast  ntii.nm  d  2'  him- sulphate  /»,  wi//n(  i/kxim/./m/im  gioun  mi 
pyruvate  (filter  xtriih zed .  pore  si/c  it  2  |im  liti.il  torn  iuo.hmmi  2d  him l  In  order  in  facilitate  harvesting  nl  the 
sulphur  rcilmciv  they  were  grown  on  alter iiah vc  puiclx  ntp.iiiu  cncrgx  souucs  spmlfitMt  S |  7s  xvas  cultivated  on 
ftrmaratr  (JtltiiM.  gradually  added  dining  growth).  ft,  mltuionunun  a$ ,  in\t,fnn\  on  acetate  (1(1  him)  plus  matatc 
<4(1  mM.  gradually  added)  fV%u//idwier  pattRaiii.  Ih  wlh>f*,i,  trr  strain  Ac  lla  and  IhsulfoUmuuulum  tuvtn \ u!an\ 
were  powii  mi  duplicate  cultures  on  acetate,  one  ol  c  m  Ii  pan  toui.iming  addition,  the  following  VI  A  (linal 
nmeent  rat  ions  in  him)  propionate  (?)  isohuixiaie  1 1 1  isox  aleiale  ( I ).  2 •meili  vlhutyiaic  ( 1 1  All  strains  were  grown 
in  the  dark  at  their  ic<|>Octixc  optimum  lempctatnic  ( lahle  I)  and  were  hi  icily  shaken  twice  a  day  <  ells  were 
harvested  by  centrifugation  at  the  end  ol  .exponential  growth  phase  and  bophili/ed  lor  lipid  extraction 

/  tptt! vunu  ttwuttuf  ufuinUutn  |  iptds  were  extracted  In  a  tiKHhlied  veiMnn  ( White  t t  nl  .  1979)  of 'the  pfoccdutc 
<»l  Ml  ip )»  A  I  >vcr  ( I  *)VM  Alter  rccox  cry  in  i  hloiolor  in.  the  hpuls  were  tract  lonaled  on  a  silicic  acid  column  (( ieluon 
A  While.  I9XH  Umsil  ( I  g.  IlHI  2dd  mesh)  silicic  .u mI  (activated  at  ItMl  (  .  I  h)  xv as  slut ned  into  glass  columns 
with  c hloiolor tu  I  otal  extractable  lipul  was  then  applied  to  the  srhcic  acril  in  2  ml  chloioloi  in  Neutral  lipids  were 
doled  with  ID  ml  chloroform,  glvmltpuls  with  lit  rid  acetone  ami  phospholipids  with  HI  ml  methanol. 
Phospholipid  solutions  were  evaluated  to  dryness  under  a  stream  ol  mitogen  and  sloretl  at  7(1  (' 

Methanol  ytt.%  of  phn\ptu*hpul  1att\  tniifx  Phospholipids  were  ilissolveil  in  I  ml  methanol  tohicne  ( I  :l.  v/v).  I  ml 
(12  M-KOII  was  atlilcd  ami  the  samples  were  heated  at  *7  ('  lor  15  mm  Sequential  additions  of  2  ml  hexane. 
0  t  ml  I  M-acclic  acid  ami  2  ml  water  were  marie  lire  luphasic  mixture  was  swlexed.  and  the  hexane  (itp|tcr) 
layer,  containing  the  laity  acid  methyl  esters  (I  AMI  ),  was  removed  I  he  partition  against  2  ml  hexane  was 
repeated  C  omhined  hexane  tractions  were  dried  under  a  stream  ol  nitrogen  and  stored  at  70 

7/rm  /trier  chrnnuuof>tnph\  (7  f.(  )  (rude  I  AMI  were  loaded  onto  a  flint  layer  silica  gel  (Whatman  K(i. 
0-25  mm.  20  *  20  cm)  plate  Standard  methyl  nonadcc annate  was  onto  end  lanes  on  each  plate.  Alter 

development  of  the  V  l.<*  plates  m  hexanc.diclliyl  ether  II  I.  v/v)  the  end  lanes  were  spraved  with  0-1*^  (w/v) 
Rhodarninc  to  detect  the  standard  Areas  at  ft,  values  cones|xmding  to  the  standards  were  scraped  nlT  and  the 
FA  Ml  chiicil  from  the  silica  with  hexane  I  he  solvent  was  dried  under  a  stream  ol  nitrogen  and  the  FAMF  taken 
up  in  an  appropriate  volume  id  hexane  lor  gas  chromatography  Methyl  nonadecanoate  was  added  as  an  internal 
injection  standard 

Saturated  and  unsaturated  I  AMI  were  separated  on  1 1  (  plates  as  Indore,  but  tlu*  plates  were  predevcloped  in 
20  g  AgNO,.  60  ml  water  and  1 20  ml  absolute  ethanol  in  flu*  dark  Dexelopmonl  and  recovery  ol  saturated  FAMF 
using  an  external  standard  ol  methyl  nonadecanoate  was  as  dcscrilH'd  aU»ve 

Determination  of  tony  aeij  Jauble  Ann,/  I  his  %vas  done  In  gas  chiomalography  mass  spectrometry 

((»(’  MS)  analysis  ol  their  Diels  Alder  adducts  (K  ulwell  A  Hlemaii.  10X21.  as  modified  In*  Nichols  et  ol.  (19X5). 
or  of  dimethvl  disulpltide  derivatives  (Dmikelhhiiri  i  t  nl .  19X5) 

Determination  of  fatty  aeul  cyelopropyl  portion  I  his  procedure  was  modified  from  McC’loskcy  A  Law  (1967).  and 
Kaneshiro  A  Marr  (1961)  (  yclopropvl  I  AMI  (approximately  5  mg)  were  hydrogenated  in  the  presence  of  PtO? 
(2  mg)  ami  glacial  acetic  acid  <0  2  ml),  under  2 75  kPa  IL.  while  stirring  with  a  glass  coaled  magnetic  stirring  bar 
for  20  h  l  ire  solvent  was  removed  under  nitrogen,  and  the  I  AMI'  were  analysed  by  <5<*  MS 

(r(*iww/(i(*  MS  ^»as  chromatography  was  dime  on  a  Varian  model  57(H)  using  a  flame  ionization  detector  ami  a 
non-polar  cross-linked  methyl  silicone  fused  silica  capillary  column  (50  m  v  0  2  mm  id  .  Hewlett  Packard). 
Injector  and  detector  ieru|>craturcs  were  250  ( ‘  and  290  ('  respectively  I  he  oxen  temperature  was  programmed 
from  80  “(*  to  140  (*  at  20  “V  min  \  then  at  4  (  mtn  *  to  270  ami  then  isothermal  for  10  min  Hydrogen  was 
used  as  carrier  gas  at  hlcm  see  *  (linear  velocity  I  Peak  areas  were  integrated  hv  a  Hcxvlett  Packard  5550  scries 
programmable  laboratory  data  system  operated  m  an  internal  standard  programme  mode 

Initial  (»('  MS  analysis  was  done  on  a  Hewlett  Packard  599 5 A  system  lined  with  a  direct  capillary  inlet 
(Nichols  vt  nl.  I98M  Several  samples  were  also  analysed  with  tlu*  tolhming  ( »( '  MS  parameters:  splillcss 
injection  at  100  '(*.  the  oven  programmed  I  rout  loo  <  *  to  toil  (  at  4  ('min  *.  helium  as  the  carrier  gas.  election 
multiplier  1500  14(H)  V;  transtcr  tine  too  ( ' .  tonne  ami  analyser  2^0  (  .  autotiiue  file  1)1  TPP  normalized; 
optics  tuned  at  nr/:  502:  MS  peak  threshold  -*  too  triggered  on  total  ion  abundance,  electron  impact  energy 
*  7(1  eV  Mass  spectral  data  were  pioccssvd  with  a  Hcxvlett  Packard  Ull  (*  VM  data  system 
Criteria  far  the  tilenft/u  at  km  at  /  1,1//  Idenlilii  a  l  ron  ol  mdixuhi.it  laity  .nuts  relied  nfxon  (  i(  '  retention  time; 
argeutation  lt<*  separatum  ol  unsatmated  and  s.itmated  I  AMI  .  deux ati/atron  ol  mom»enoie  acids  lot  the 
determination  of  double  bond  positions  .  and  the  hxdiogenalion  ol  t  xv  loptopx  I  groups  lor  mass  spectral  analysis  ol 
the  resultant  branched  I  AMI  Origni.il  I  AMI  were  also  examined  hv  ( i(  MS  Intcipiclatton  ol  mass  s|H*ctral 
data  and  component  identification  xx.is  axhieved  h\  tomp.tiison  with  published  data  (I )inh  Nguyen  *7  a!  .  1961. 
Ryhagc  A  Stenhagcn.  1958.  Rohwcdxtcr  et  nl  .  I'Hd  (  ampin'll  A  Nawoial.  1969) 

H  I  Sltf  f  v 

Flic  phospholipid  csicr-lmkcd  lallx  acid  distiihuturus  xx(  tlu*  />cvt#//«»/t«»<  ter  vpp  ami  of  all  tltc 
other  sulphide  lurmmg  Laden. i  analysed  .ne  listed  in  I  ahles  2  and  1.  »es|»eclivt*ly  I  or  case  of 
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Tabic  2.  Pern-Hinge  /i/i<*.v/i/ki/»/>j,/  esier-linkeil  /ally  nails  of  Desullohmler  i/y>  grown  on  on-line 

Cultures  are  numbered  according  to  '('able  I  Fatty  acids  arc  cUatacten/cd  by  cliam  length  and  position 
of  substituents  from  the  methyl  («i)  end  I  Inis  I6:ln>7c  is  i»7-cis-hc(adcccn<iic  acid  Iso  and  anlciso 
FAMF.  are  metliyl-hianched  one  and  tuocarlHins  Iron)  life  methyl  end.  respectively  Unsaliualion  may 
occur  in  either  cis  (cl  or  traits  (t)  configurations.  0(lier  notation  it.  trace  ipiantitics  ( <t»|*.j.  bi. 
multiple  branching;  SAT,  unknown  saturated  fatly  acid.  ,i.  I  AMI:  delected  by  double  bond  analysis 
only,  and  mil  quantified,  •,  positional  data  lor  double  bond,  methyl  branch  or  cyclopropyl  ring  (ey) 
basedonGC  retention  lime  only  (utsullicient  sample  wa£  available  lor  analysis)  Cultures  t  VI- A  were 
grown  with  additional  volatile  laity  acid  (final  concentration  him)  propionate  (21.  isohutyratc  (I), 
isovalcralc  (I).  2-mcthylhulyralc  (II 

C  ulture  no 


FAMF. 

1 

1  +VFA 

2 

2  +  VIA 

1 

4 

1.1:0 

tr 

tr 

isol4 :() 

tr 

0  2 

01 

II 

0  2 

If 

anlcisoM  :0 

4  5 

1 4  : 1  <o7 

0  1 

0  2 

04 

01 

tr 

14 :  liuS 

tr 

tr 

1 4":0 

9  5 

24 

11  4 

94 

88 

111 

brIS:  U 

(18 

tr 

08 

tr 

i  sol  5:0 

II 

8  9 

16 

26 

8  7 

2  1 

anteisolS.O 

<1  1 

4(1 

0  1 

19 

0  2 

0  1 

IS:  Icu8 

n 

ri 

15:  Iru6 

15 

0  1 

4  6 

tr 

15:1. 

0  2 

tr 

15:0 

11 

12  1 

0  7 

21  7 

08 

04 

IOMcIS  :0 

14 

hr  16 :  Iiu6c. 

19 

01 

i  sol  6:0 

0  1 

12 

04 

09 

06 

0  2 

anlcisol6:0 

51 

16:  Iru9 

14 

06 

09 

14 

0  1 

1 6 : 1  <o7c 

49 

2  1 

5  9 

18 

7  1 

II 

16: 1  ro7l 

111 

02 

0  2 

0  1 

16 :  Ini5 

2  0 

11 

18 

6  1 

18 

14 

cyl6:0« 

18 

16:0 

10  7  ‘ 

119 

186 

7  4 

258 

12  7 

isol7 :  Itu7 

0  1 

15 

0  1 

0  1 

14 

02 

IOMcl6:0 

16  5 

9  1 

94 

6  1 

24  7 

112 

i  sol  7:0 

0  2 

11 

tr 

tr 

14 

0  2 

anteisol7:0 

0  2 

11 

0  1 

1 7 : 1  (c>8 

2  0 

0  7 

n 

I7:l«ir 

a 

it 

17:1  <o6 

a 

8  9 

16 

n 

cyl7:Oa(.u7/8) 

24  4 

10  0 

27  1 

118 

7-0 

10  1 

cyl7:0b. 

26 

08 

0  2 

26 

brSAT* 

0  5 

17:0 

0  2 

29 

tr 

HI 

0  2 

0  2 

brl8: 1. 

02 

14 

0  1 

tr 

tr 

lOMel  7  :0 

0  1 

2  4 

2  1 

0  4 

0  1 

18:  Iru9 

0  2 

0  2 

tr 

tr 

0  4 

0  1 

18 :  Ini 7c 

0  6 

0  5 

0  1 

18 

0  4 

18 :  Ini7t 

0  1 

tr 

cyl8:0a« 

0  8 

0  9 

0  1 

eyl8 :0b. 

0  4 

4  5 

OX 

0  2 

18:0 

0  t 

0  1 

0  1 

0  4 

0  1 

o  2 

hr  1 9 : 1 . 

OK 

0  4 

tr 

1  6 

Hi 

IOMcIS  :0 

0  5 

anleisol9:0 

0  1 

It  1 

tr 

tr 

tr 

cy!9 :0« 

II 

0  6 

0  2 

0  4 

1  4 

1  race  components 

0  2 

0  1 

(i  1 

0  2 

0  2 

0  t 

llianched  FAMF 

19  5 

14  5 

12  2 

27  0 

41  5 

15  1 

Unsalurated  FAMF 

10  9 

21  4 

9  5 

19  5 

19  1 

4  6 

pmol  (g  dry  wt)' 1 

102  5 

77  1 

58  5 

40  8 

8'  S 

64  4 
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Table  3.  Percentage  phosplwhpul  ester-linked  fatly  acids  of  a  Desulfobacter-lik  r  'Pat  vibrio', 
non-  Desulfohacter  sulphate  reducers  and  sulphur  reducers 

lor  definition  ol  abbreviations  wc  I  alilc  2 
Culture  no 


pa  mi-: 

5 

6 

6  +  VPA 

7 

8 

9 

i*ol4  :0 

Ir 

0  l 

1 4 : 1  <»7 

02 

0  1 

0.1 

14:1. 

0  1 

* 

0  1 

14:0 

5  5 

1  1) 

0  6 

2  1 

VI 

twt5:l. 

IV) 

It 

•Ml  15  *’ 

5  5 

t*  5 

09 

0  1 

4  4 

Ir 

an(eisol5  :0 

tr 

0  2 

04 

Ir 

15:  l<«* 

a 

I5:l«<6 

tr 

04 

(IK 

0  t 

15 :  l««5 

n 

0 

15:0 

0  1 

0.1 

4  5 

10 

br!6:  lro6« 

tr 

- 

.12 

i  sol  6  0 

02 

20 

23-4 

0  1 

I6:lr.i9 

08 

59 

15 

16:  l<«7c 

2.19 

24  4 

1.14 

17  1 

50  1 

16 :  l«>7t 

04 

06 

tr 

0  5 

II 

I6:l<u5 

16 

4  8 

26 

26 

13 

16:0 

41-5 

.140 

222 

4  1 

47  .1 

31  8 

i*ot7: 1  to  7 

to 

- 

- 

02 

- 

i  sol  7:0 

06 

- 

- 

96 

0  7 

- 

anteisol7:0 

tr 

.196 

17:  t«»8 

- 

.. 

52 

- 

0  4 

Ir 

17:  lro6 

- 

- 

1.1-J 

06 

05 

cyl7:Oa(co7/8) 

18  2 

- 

- 

cyl7:0b. 

II 

17:0 

tr 

- 

70 

08 

08 

02 

isol8:0 

12  9 

I8:l<«9 

0  1 

Ml 

0  9 

Ir 

I8:l«i7c 

05 

24  1 

17  0 

08 

97 

1 8 : 1  «>7t 

- 

04 

0  2 

18 :  l«>5 

14 

09 

Ir 

0  1 

18:0 

tr 

12 

12 

7  7 

04 

0  2 

isol9:0 

0.1 

anteisol9:0 

tr 

08 

09 

0  2 

Ir 

cyl9:0. 

0.1 

Trace  components 

0  1 

0  1 

III 

02 

0  2 

03 

Branched  PAMP. 

56 

0  5 

7  2 

87  2 

6  0 

Ir 

Unsaturated  PAMP 

289 

626 

60  4 

00 

414 

614 

pmol  (g  dry  wl)-' 

81-5 

198 

98 

118 

61  5 

49  2 

interpretation  of  major  differences,  the  total  percentages  of  branched  and  unsaturated  fatty 
acids  occurring  in  each  strain  are  presented  at  the  bottom  of  each  table.  Due  to  the  constraints  of 
time  and  materials  only  one  batch  culture  of  each  strain  and  set  of  conditions  was  analysed. 
Previously  this  laboratory  has  shown  that  phospholipid  fatly  acid  profiles  of  duplicate  batch 
cultured  bacteria  usually  have  a  standard  deviation  of  less  than  I  %  for  each  fatty  acid  (c.g. 
Edlund  el  at..  1985). 

The  sulphide-forming  bacteria  in  this  study  arc  clearly  distinguished  by  the  presence  or 
absence  of  10-methyl  fatty  acids.  Among  the  strains  examined.  10-mcthyl  fatty  acids  occur 
exclusively  and  consistently  in  the  Desulfbhacter  spp.  In  Desulfbhacter  spp  grown  on  acetate, 
IOMel6:0  ranged  from  24  7%  in  Desulfohacter  sp.  .lacIO  to  9  4%  in  Desulfbhacter  sp.  Aclla. 

VFA  were  added  to  cultures  of  Desulfohacter  postpaid  2ac9.  Desulfohacter  sp.  Aclla  and 
Desul/otoniaeulurn  aceto.xidans  5575.  In  these  cultures,  all  cvcn-numbcrcd  fatty  acids  were 
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Fig.  I.  Graph  illustrating  the  ilisIrilMiluiit  ot  the  sulplmlogeiin.'  bacteria  h.lvcil  mi  percentage 
unsaturation  and  pcrecntagc  branching  ol  their  tatty  avails  Numbers  icier  to  the  ciilluic  numbers  in 
Table  I  except  for :  10.  l\  \tillot  thrni  tli\ullnrmin\ :  1 1 .  IKxulhn  ifrnti  i  lilgnris .  I  2.  Ih'UilftM  ilvio  u/riramix. 
Strains  10  1 2  are  shown  lor  reference .  the  data  lor  them  is  limn  lillund  «•» «/.  IOK5).  by  kind  permission 
or  the  authors.  Broken  lines:  sulphur-reducing  bacteria 


present  in  decreased  proportions.  T  hose  of  strain  2ac9  decreased  from  67  to  y)°/„  with  respect  lo 
the  total,  those  of  strain  Acila  from  69  lo  47%  and  tluisc  of  strain  5575  from  99  to  67%. 
Simultaneously  the  branched  chain  fatly  acids  increased  (2ac9,  from  19  lo  34“;.  Acila,  from  1 2 
to  27%;  5575,  from  0  5  to  7%) 

All  the  Dcsulfobacu-r  spp.  grown  on  acetate  were  characterized  by  even-numbered  fatly  acid 
distributions  ranging  from  77%  (3ac 1 0)  lo  59%  (4acll).  10-Methyl  fatty  acids  other  than 
IOMel6;0  were  delected,  inclurling  IOMel5 :0  (2ac9  +VI;A),  lOMcl 7 :0  (2ac9  +  VFA;  Acila 
+  VFA;  3acl0  —  VFA;  4acll  -VFA)  and  IOMcIK :0  (3acl0  — VFA).  Components  in 
insufficient  quantity  for  structural  confirmation  by  (SC- MS  (2ac9  -  VFA;  Acila  +VFA; 
3acl0)  had  identical  retention  times  to  lOMel  5 :0;  these  components  are  not  listed  in  Table  2. 

Cydopropyl  fatty  acids  are  also  characteristic  of  Dcxultohacler  spp.  The  major  component  was 
co7/<o8  methylenehcxadccanoic  acid  (cyl  7 :0a),  which  ranged  from  30";  in  4acl  I  to  7%  in  .lac  10 
when  the  bacteria  were  grown  on  acetate  without  the  VFA.  T  he  position  of  the  cyclopropyl 
group  in  a  second  methylenehcxadccanoic  acid  (cyl  7 :0b)  was  not  identified:  this'  fa  tty  acid 
ranged  fromG%  in  Acila  lo  3%  in  4acl  I  and  2ac9  under  the  same  conditions.  Dcsullolxictcr  spp. 
2ac9  and  AcBa  showed  a  decrease  in  proportion  of  cyclopropyl  fatly  acids  when  VFA  were 
included  in  the  media  (2ac9,  from  28  to  18*.;  Acila,  from  27  to  1 3“;).  Other  cyclopropyl  F  AMF. 
were  also  detected  including  cy  16 :0(2ac9  +  VFA)  and  two  cydopropyl  18:0  FAMF  designated 
cyl8:0a  and  cyl8:0b. 

The  ‘fat  vibrio'  strain  AcKo  grown  on  acetate  had  75";  even-numbered  and  94%  straight- 
chain  fatly  acids,  with  high  levels  of  cyl 7:0  (cyl7  Oa.  18%;  cyl7:tlh,  I  %)  similar  to  the 
Desulfobacter  spp.;  however,  no  |0-mclhyl  FAMF.  could  be  detected. 

Desul/oioniaculimi  aceloxiilanx  5575  grown  on  acetate  gave  a  distribution  of  99%  even- 
numbered  and  99%  straight-chain  laity  acids.  Incorporation  of  VFA  into  the  medium  decreased 
the  proportions  of  even-numhered  and  straight-chain  tatty  acids  lo  68  and  93%.  respectively. 
High  levels  of  I6:lrr»7c  (24%)  and  I8:lui7c  (24"„(  were  characteristic  of  this  organism. 
Monoenoic  laity  acids  represented  62%  (-VFA)  ami  60%  (  +  VFA)  of  the  total.  Neither 
10-mcthyl  nor  cydopropyl  FAMF  were  delected 

Dcsiil/orihrio  thernutpliilus  grown  on  pyruvate  had  no  detectable  iinsaluraicd  tatty  acids.  Odd- 
numbered  and  branched-chain  tally  acids  predominated  (51  and  87%  respectively)  in  this 
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species,  in  conlinsl  In  (lie  oilier  mg. iiiimiis  I  In- m. i|. 11  l.illv  uiiKiu'ickhKi  (I  and  ault-isnl  7  (I 
Druillurtuimutu  m  rhiMtltim  I|ll7ll  .1  snlphui  ledut  me  h.n  lei  111111  gtoun  nil  acetate  |  >1 1 1  s 
Initial  ale.  rxliihilcil  .1  di'tnhntiou  i>(  'll  ex i  n  luunht-ied  .mil  ‘M"„  sir  night  t lei t ft  l,it(\  amis 
I  his  ntgaiusui  shout'd  t lit-  li if! lies!  |>io|  101  (ions  ol  the  l.illv  n>  ids  I  (1  0  (■)  7"„)  and  If,  I,- <7c  (  *  7",J, 
winch  ;»ic  eomiiion  among  .ill  (tie  sli.mi'  examined  ext  cpI  (lie  /Vi «//■«  itirimi'i’hilm  stiain. 

which  lacked  16  I«i7c.  ollieiuise.  no  dislnu  me  toiupouculs  ueie  defected 

The  <  iim/n  tnluii  rcr-like  s|m  illiint  sii.nn  I  7  *».  ulntli  .dsn  mdi/ed  eleineiil.il  siil|>lini  as  an 
election  acceptoi.  was  piown  on  Inni.n.ile  ll  liad  a  disk ihnlion  ol  picdnmimmlly  even 
nnmlH-rctl  (98".,)  and  siraiglii-chain  |*W„|  tally  acids  I  lie  in.iioi  lailv  acids  wcie  l6:lo»7c 
(5n"„)  and  16  0  02"..) 

l  ip  I  shows  a  graphic  icpiest-nlalmii  ol  all  llic  nig.iiiisms  examined  based  on  (lie  peiccntagc 
inisatiiialion  and  peicenlape  branching  in  then  lally  acids  Oiganisms  showing  homology  of 
morphological  ami  physiological  p.n. nuclei s  (e  p  Ih c  /  Vwt/A</i<i<r<r  spp  I  ate  pumped  The 
sidphur-fcdiicinp  hactciia  I/IciiiIIiiiiiiimwi  and  the  spirilhnnt  aie  encircled  with  luoken  lines  to 
distinpuish  them  Iroin  the  sulphaic-rcdut  mg  bacteria  No  othei  limnology  ol  characters  in  the 
sulphur  reducers  is  implied. 


IMSCUSSION 

All  the  strains  esamined  could  he  dillercntialed  lij  (licit  respective  distributions  of 
phospholipid  eslcr-linkcd  tally  acids 

The  /)im»//ii/w(7it  spp.  exhibited  hoinolopy  of  lally  at  id  biomarkers  llipli  levels  of 
cyeltrpropyl  anti  |0Mcl6  :tt  fatly  acids  were  ohscr  veil  with  laipely  an  cvcti-numbcicd.  siraiplii- 
chain  lally  acid  distribution  alter  prmvih  on  acclalc.  This  is  in  aprecmenl  W'ilh  Taylor  Rt  1‘arkcs 
(1983).  who  esamined  the  lailv  acids  ol  ter  sp  tat  III  Our  profile  for  3acl0  also 

included  low  levels  of  IDMcl  7  :ll  and  K>Mel8  II  (  Table  2).  These  unusual  lally  acids,  as  well  as 
IHMcl.VTI.  were  also  found  in  other  llc\ull«h, icier  spp.  No  other  pcncra  contained  10-mcthy) 
fully  a cids.  Kroppenstcdi  Ri  Kul/ner  (19  78)  showed  that  lll-mclhyl  lally  acids  occur  in 
aclinoniycclcs ami  inercaseasa  function  of  ape;  however,  unlike  Dcsul/olwctcr  spp..  I OMc I  7 : 0 
and  l()Mclfi;(l  lend  lo  dominate  in  these  filamentous  haclcna. 

Some  bacterial  (ally  acid  profiles  vary  in  composition  accortlinp  lo  external  stimuli 
(temperature,  pf f .  nilropen  source,  salinity,  etc  ;  l.cchcvalicr.  19761.  In  ortlcr  lo  use  specific 
Tally  acid  biomarkers  lo  inlcrprei  cnviionmenlal  community  xnucinre.  niicro-oi  pan  isms  should 
be  examined  lor  Tally  acid  patterns  ami  llicir  variation  inulei  tlilfercnl  conditions.  Taylor  & 
I’arkcs  (1983)  showed  ihal  Tally  acid  profiles  in  some  sulphalc-rcducing  bacteria  can  be 
influenced  by  carbon  source;  howcvci.  in  all  cases  major  tally  acid  biomarkers  were 
identifiable.  With  three  separate  cultures  of  thwutfohulhux  sp.  3pt  ID  il  was  shown  that  growth  on 
propionate  prinluccd  ail  odd  carbon  number  straight-chain  profile.  CO./ll.  produced  an  even 
carbon  number  siraiplii-chain  profile  and  I actatc  an  approximalfly  ctpial  tlislrihnlion  ol  odd 
and  even  carbon  number  ami  of  sliaighl  and  branched  chains.  These  changes  coultl  he  cxplainctl 
'  in  terms  of  the  carbon  sources  being  used  as  Tally  acid  chain  initiators.  This  study  is  concerned 
with  the  induced  variation  in  Tally  acid  profiles  due  lo  the  presence  ol  propionate  and  branched- 
chain  volatile  fatly  acids.  The  filler  are  formed  in  sediments  ami  sludges  by  fermentative 
breakdown  of  bra  iicltcd-chain  amino  acids  With  the  exception  of  isohtilyrnlc  being  oxidired  by 
Di’.uilforonuinitum  ncclo \ntnns  (Witldcl  <Vr  I’lennip.  |9jt|/»),  none  ol  the  added  VTA  could  he 
ulili/cd  as  electron  donor  by  the  sulphate  rediiccis  'The  picscut  stinly  has  shown  that 
interpretation  of  environmental  data  using  lipids  should  consider  the  potential  ellecl  ol  a  variety 
of  VP  A  produced  by  fermentative  hadciia.  which  may  change  (he  tally  acid  distributions  of 
various  micro-organisms  present  Ingram  <-r  nl  1 1 977)  showed  that  exogenous  propionate  can  be 
incorporated  as  a  chain  initiator  into  lischvnt  I11<1<<1I1 1  ally  acids  dining  growth  on  glucose  hrolli. 
giving  rise  toodd-mimbered  chains  It  seems  likely  Ihal  the  VP  A  incoi  pointed  into  strains  2ac9, 
Ac  Ha  and  5575  were  used  as  chain  initiators,  because  all  tliiee  culiuics  xlisplayed  increased 
proportions  of odd  carbon  11  umber  and  blanched  tally  acids  (see  I  aides  2  and  1|  Ih’sulloluictcr 
sp.  Acllu  grt>wn  in  media  containing  VI  A  synlhcsi/cd  anleis<*l4  :(l  and  anteisolfi  :(l;  the 
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presence  of  lltcsc  I  ally  acids  could  not  Ik  iiiici  pick'd  in  ici  ms  ol  any  ol  ilic  VIA  being  used  as 
chain  initiator  (kaneda.  I  7  7  > 

Carbon  sources  influenced  Itl-mcihyt  latly  acids  and  their  sliaight-chaiu  equivalents  in 
similar  ways;  their  piopoilion  was  Imvcicd  when  odd  uumbcicd  and  branched  VI  A  wcic 
incorporated  into  the  growth  medium  As  kioppensledt  .V  kui/nei  ( l‘)7K)  suggest.  this  implies 
that  IOMcl6:0  is  loimed  hy  nielliylalion  at  the  MMh  caihon  alter  initial  synthesis  ol  a  mono- 
unsatiiratcd  16-earlHiu  acid  II  so.  this  almost  certainly  lakes  place  in  suit  to  the  csiciilicd 
phospholipid  in  the  niemhiane  (Akamalsu  St  I  aw.  I *> 7t l ) 

The  ‘fat  vibrio'  sliain  AcKo  exhibits  hoili  nutiilion.il  and  fatly  acid  profile  similarities  to 
Dexitlfolmclrr  spp  .  howevei.  stiam  AcKo  lias  no  Ill-methyl  tally  acids 

Drxttlfoltiniticitlttiii  in  cln Milniis  SS7S  grown  on  acetate  exhibited  a  very  dill'ercul  fatty  acid 
distribution  compared  with  that  ol  the  Drsitlltihttrlrr  spp.  or  the  fat  vibrio'  AcKo  Neither 
cyclopropyl  nor  10-methyl  laity  acids  were  detected.  I  be  predominant  laity  acids  were  16 :  I  <o7c, 
18:1  <o7c  and  16:0  I  lie  piesence  ol  substantial  amounts  ol  imsaturaled  laity  acid  in 
Ih'stilliitoiiumiliiin  tirrltisultnis  (62"„).  Drsiilfttioiiitnitix in  rln  w tinny  (44  "„)  and  the  (  'iiiii/‘\  Inhtit  Irr- 
like  spirillum  as  computed  to  the  otliei  sulphide-forming  bacteria,  probably  does  not 

indicate  a  physiological  oi  genealogical  relationship  Nun iiionally.  these  species  ate  very 
different;  moreover,  the  spoiogenous  /  V  t  Iil/nliiiiiiii  it/niii  m  riinninm  belongs  to  the  (  Inslinliiiiii 
branch  of  the  (iram-positive  bacteria,  whereas  Ih-sitllnriiiiunuix  and  the  spirillum  ate  (iram- 
negative  (Fowler  ft  til  ,  I 'IS 5)  bacteria  actually  assigned  to  the  genus  ( 'umprlohucivr  exhibit  high 
levels  of  unsaturation  (approximately  5tl‘,<<>,  with  no  blanched  laity  acids  (((laser  ft  til .  I'7K0), 
and  have  fatly  acid  profiles  that  tire  similar  to  that  ol  the  ( V/i»/n7«/i<irtct-likc  spirillum  5175 
(although  strain  5175  exhibited  some  branched  fatty  acids). 

Desttl/twibrio  f/immi/r/it'/irv,  unlike  other  Ih'sullnt ihrin  spp.  (Fdlutul  ft  til.,  I *>K5).  exhibited  no 
detectable  imsalurated  fatly  acids;  however.  H7"(t  wcic  iso  or  anleiso  branched.  Silvias  St 
McRIhancy  (I17‘J«,  />!  have  shown  that  iso  and  anleiso  branching  provide  the  same  efl'ecl  as 
unsaturation  with  respect  to  membrane  fluidity.  This  could  explain  why  some  bacteria  have  a 
low  degree  of  fatty  acid  branching  xxitli  high  unsalmalion  and  others  have  completely  the 
reverse.  Thus  the  C 'iwi/i|7r>/><;r/ri  -like  spirillum  and  Drxiillortbrio  ilicnntifilnlitx  may  achieve  the 
same  effect  by  different  mechanisms 

The  ratios  of  unsaturation  to  branching  of  the  fatty  acids  of  different  sulphide-forming 
bacteria  can  be  used  to  distinguish  certain  physiological  and  taxonomic  groups  (Fig.  I).  T  his 
does  not  apply  to  llrxitl/i iloiiuiciilnin  tncln snlnns  and  the  sulphur-reducing  spirillum,  but  the 
presence  or  absence  ol  certain  fatty  acids  (I  able  (lean  be  used  tosepaiate  these  Iwooiganisms. 

In  this  study  we  have  shown  that  among  the  sulphidc-lormmg  bacteria  examined  only 
membersfd  the  genus  Drutt/nhiuirr  (M  acetate  ulib/cislcontain  the  tatty  acid  lOMelh  :<>  Other 
genera  containing  IOMel6:0  in  their  fatly  acids  include  members  of  the  aclinomycelales 
(Kroppenstedt  &  Kut/uer.  I‘77X)  However,  those  members  which  do  exhibit  10-methyl  fatly 
acids  have  major  quantities  of  IOMel8  :<l,  but  not  of  ItlMclb  :0  Preliminary  attempts  to  assess 
the  contribution  of  these  actiuomycctes  to  the  microbial  biomass  ol  marine  sediments  appear  to 
indicate  that  they  are  terrestrial  organisms  that  have  been  washed  into  the  sea.  where  they  do  not 
contribute  to  biomass  turnover  (<  ioodlcllow  &  I  lay  ties,  I  '(K4)  I  bus  the  piesence  of  ItIMel  6 .0 
and  cy  1 7  :0,  without  high  levels  ol  1 0 Me  I X  (I.  seems  to  have  the  potential  to  act  as  a  hiomai  ker 
for  Dexitl/obiiticr  spp.  in  mat  me  sulphate-reducing  environments 

The  authors  would  like  in  thank  I’  I)  Nichols.  A  I  Mikctt.  I  I’hclps.  ('  A  Maucuso.  and  I  It  (Sucker!  fur 
discussions.  It  llippc  lot  providing  / Iruilftnihrm  th,rnni(ilulu\.  .out  K  (  old- Kills..  ti  toi  isotalion  ol  IU‘Mil/nlnit  h  r 
sp  AcBa.  ('.  A  ill  win  til  is  parlicul.ul)  lli.uitied  lor  lus  help  wnli  llie  <  it  MS  data  I  Icwlell  Pack  aid  is  llianked  lot 
the  generous  donation  ol  the  ( it  MS  computer  system  N  t  I  l>  was  suppni led  try  National  Aeronautics  amt 
Space  Administration  grant  minihcr  NAti  I4‘7  as  part  ol  r tic-  l  I  I  SS  program 
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